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Static Electricity
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Coulomb Law
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electricity B Coulomb’s law JEE e B 1R
static electricity FFEEE coulomb, C Em (EAfr)
electrostatic force RS repulsive force HER A
charge EAGi) attractive force I GiDa}
positive/negative

1E/E & resultant force =yl
charge
electrical neutrality/

B/ E Y elementary charge YNGR )
electrically neutral
point charge BLEE T superposition principle BN
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[ o have a positive/a negative/net zero charge. J

47 : Protons have a positive charge, while electrons have a negative charge. Neutrons have

net zero electric charge.

EHAIEER > METEARER o PrAAER -

[ (2] attract/repel . ]

4 - Unlike charges attract each other, while like charges repel each other.

SLEBRF R » 1 [FE MR R A AR -

[ 3] comply with . ]

4y« Electrostatic force is a type of conservative force, and it complies with Newton’s Third

Law.

RFEE IR ERST T HoRae IR = s e i

[ O the force between and J

#4) © The electrostatic force between protons and electrons follows Coulomb’s Law.

B ERE T ZEHREE ) > Al e R e

[ (5] is inversely proportional to . ]

%4 - The magnitude of the electrostatic force is inversely proportional to the square of the

distance between two point charges.

AFEEJJE(E - S {lER R ey ] Y R P T R EE
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At the end of learning the chapter, students are able to acquire the following concept:

— ~ oekERfE o T REFEIME MG TP o BB g AHKS]
Understand the concept of charge and recognize that like charges repel, while unlike

charges attract each other.
- pEETRRLER ZERVEFE ST -

Can calculate the magnitude of the electrostatic force between point charges.

o BIEER o8
BlRE—

A ¢ IEHERE e
Apply Coulomb’s law correctly.

There are three charges in a row. Assuming Q represents the electric charge magnitude (Q > 0),
R represents the distance between neighboring point charges, and all charges are fixed in place.
Among the following options, which one indicates that the point charge at the left end
experiences the greatest magnitude of electrostatic force?

Answer: B

=(EREFEHPIN— B4 0 5 Q BEE (Q>0) R HELEHAVIER - HArTE &M S
[EEAD) - AINHERIES - L im B T2 SFFE IS D EEMERA 7B

(A) (B) (C)

+20  +0 20 +20  +0 +20 +0 20 20

L ] L ] L L ] L ] L ] L L ] L ]

g A T g
(D) (E)

Q0 20 20 0 20 420

- L ] L ] L ] L L

— ——b——|

R R R R
(109 ERIHZR 4)
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Teacher: Does anyone know which physical principle should be adopted for this question?
And what does the Law state?

Student: Coulomb’s Law. The magnitude of the electric force exerted by two-point charges
is proportional to the charges and inversely proportional to the square of the distance
between the two charges.

Teacher: Correct! We also know that like charges repel and unlike charges attract to each
other.

Teacher: Now, let’s start with option (A). The left charge, with a magnitude of +2Q, will be
exerted forces by the other two charges. Can anyone explain its force?

Student: It will experience two forces: a repulsive force from the +Q charge to the left, and
an attractive force from the -2Q charge to the right.

Teacher: Correct. Which direction will the resultant force on the left charge be?

Student: I don’t know! Will it go to the right or the left?

Teacher: We need to first discuss the two forces separately, then sum them up, based on the
principle of superposition. The +2Q charge on the left will interact with both charges.

The +2Q charge experiences a repulsive force from the +Q charge to the left, with a
- k:(2Q)-Q :
magnitude of — denoted asF, ,(«<). Now, please express the force pulling the

+2Q charge to the right from the —2Q charge, marked asF_,,. Don’t forget to show

the direction!

k-(2Q)-(2Q)
Student: F_j¢ = (SR)Z ¢ =)
Teacher: Good! So, the total force on the +2Q charge is F = F (<) + F_5o(—) =
k- (ZQ) Q k-(2Q)(2Q)
(o) +1EDCD () K (0,

Now, you can use the same method to calculate for options (B), (C), (D), and (E)!
I’ll give you two minutes, and then I’ll invite students to come up and write down

their answers.

k(2 k(2 2 3k
Student: (B) F = Fyq() + Fipg() = “E22 () + £ELLD (o) = 2L ()

k-Q-(2 k-0-(2 5k02
Student: (C) F = F_pq(=) + F3(=) = “222 (=) + =222 (=) = 35 (=)

Student: (D) F = Fya0() + Fpq(=) = “428 () + (Z,i)f) (=) =55 ()

Student: () F = F_q(=) + Fypg() = X200 (1) 4 £CD () - I

c BOOpAMBEARET AL FRPEFRE B
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Teacher: Great, everyone did a great job! Thus, the option with the maximum total force is

(B).

Teacher: I would like to note again that Coulomb’s Law is only applicable to point charges.

EHl : FEE - FLREREZ A M EE AR ? A Refl ?
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L
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B Fao= %(—’) °

el RAF~

FrLI2Q B EINI S TIBF = Fro() + Fyg() = “E2¢ () +

k(2Q)-(2Q) _\ _ k@
ey (VTR ()¢
HSEL A (B)(C)(D)(E)EETE th 7T L P A R 75 0 |
GRFMSH > FEFAR LABIEE -

x . k' (2Q)-Q k-(20)(2Q 3kQ2
Bt (B)F = Fio(&) + Fipp(e) = T((_) +T(2)(<—) = ?Q—)

] . k-Q-(2Q k-Q-(2Q 5kQ?
Bt (C)F = F_50(=) + Fp(=) = —R(z 2(>) + —(2;)2 ') = 2rz )

S k:Q-(2Q kQ-(2Q 3kQ*
%é“c . (D) F = F+2Q((_) + F—ZQ(_>) = %(P) + (2;)2 ) (_>) = 2R?2 (<_)

S kQ(2Q kQ-(20 3kQ*
%é“c . (E) F = F—ZQ(_)) + F+2Q((_) = %(_)) + (212)2 ) (<_) = 2R2 ((_)

BN AABEFRETRL PRPETRE F



KT FR T ENET P oo L EEHEFEL L

EEN  REEBBUSAREF | L & IERAYRLZ(B)BEH -
ERN PSR B RE R R E AR AR |

BIE_

il ¢ TR RV o SEMAE R
Understand that like charges repel, while unlike charges attract each other.
Three-point charges, X, Y, and Z, are situated at the three vertices of an isosceles right-angled
triangle, as shown in Figure 10. The resultant electric force is noted as F that charge Z
experiences from X and Y. If the positions of charges X and Y are interchanged while charge Z
remains in its original place, which of the following options correctly shows the direction of
the resultant Coulomb’s force that Z experiences from X and Y? Answer: D

X
—(EEERA X Y Z U ERE A= AR = EIER > A ®)

B Z B X Y MEAEENZAENE Fo & X
81 Y WGB G T Z WRIERE BT ES Z B
X Y WA 2 0 7 D z

(A) B) . YF /@
N LS

(D) (E)

/ AN

(103 E2HE 7L 62)

Teacher: OK. From the statement, we know that the resultant Coulomb electrostatic force F
experienced by Z from X and Y points towards the lower-left direction. Now, can

anyone tell me which two forces combine to give us this resultant force F?

Student: Fxsez , the repulsive force between X and Z, and Frapz , the attractive force between

Y and Z.
Teacher: Yes. So the diagram may look like:

s BN AABEFRETRL PRPETRE F
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X repels Z, and Y attracts Z. The question asks us to exchange the position of X and
Y. Therefore, the diagram will turn out to be:

Y

fe
KO
Please depict the forces between Z and X, as well as Z and Y. Keep in mind that X

repels Z, while Y attracts Z.

Student: v
[

| FYQ&Z 1Z
XO. ..............

Fxfikz

Teacher: Yes, and what about the resultant force exerted on Z?

Student:

Y

°

Teacher: Correct, so now we have the answer: D. In addition to using Coulomb’s Law, we

also adopt the principle of superposition to analyze this question.

BB BB ERRE TR FRPEFRE
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Electric Field and Electric Field Line
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BF thiE B¥F thE
electric field B electric field line B4R
charge distribution ERCIpaKiil tangential direction PI&R F5 1]
field source ) dense W=
testing charge i | EEwEERE) sparse b
electric dipole EERET uniformly charged W AR
electric dipole moment AR EVSE parallel plates SEATIR
polarity fix unit charge A B
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[ o can be generated by . }

4] « Electric field can be generated by electric charge.
BRI A R -

[ (2] per unit . }
4] : Electric field is defined as the electric force per unit charge.

B ER R EEGHTZENET] -

o BEEE »

EEEARETE - 2AEERLITNE S

At the end of learning the chapter, students are able to acquire the following concept:

— ~ BGRBEGNE R - ERERESNEEE T -
Understand the relationship between the electric field and its field lines. That is: the
electric field line represents the magnitude and direction of the electric field.

s T R T AR YRR
Understand how the electric field is formed by a point charge.

© TEETESATIRGE > AT RS AT -

Understand how the electric field is formed and distributed within charged parallel plates.

[l

[1]

U B AR R TR PP RS Y 3
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Understand the electric field within a conductor.
There’s a thick metal spherical shell with inner and outer radii R; and R respectively. As shown
in the diagram, there is a point charge ¢ at the hollow sphere’s center. Given the Coulomb
constant &, which of the following options represents the magnitude of the electric field at a

distance r from the center within the metal shell (R;<r<R:)?

kq kq 4kq 2kq
A0 (B) Z ©) T (D)(R1+R2)2 (E) (R1+R2)

—BBEBRFRIIN ~ SRR RiEL Ry FZEERLEFFE —BEE N q HYRELR > 4
R - B E BNy ko AFESBEGRANIEER O r E (Ri<r<R) RVESGEHEMT
Bl 7
(A)0

(B) =

kq
r

©

4kq
( )(1‘1’1+R2)2

2kq
(E) (R1+R2)

(107 55 ¥7# 13)

Student: How do we know the electric field at a distance » from the center of the sphere?
Teacher: Please point out the location where the distance from the center of the sphere is 7.

Student:

Teacher: Great. So what is the material that is marked by »?

T BOOpAMBEARET AL FRPEFRE B
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Student:
Teacher:
Student:

Teacher:

Student:

Teacher:
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It’s metal.

Yes! What are the features of metal?

Metal can conduct electricity. It is a conductor.

Correct! Conductors can conduct electricity because they contain free electrons.
Whenever there is an electric field existing inside a conductor, free electrons will
redistribute themselves until the internal electric field becomes zero, achieving
force equilibrium.

So, there is no electric field inside the conductor!

That’s right!

FETERIEEREER 00 Ry v paHIFE S 7
A MEERERR 00 Ry v B EWREIE 7 35 RIS K -

REF » J8 r LB E R 2

2h | A R ?

B LUEE - BEA

Ry > BfeN A EHET > FTl LI
S EH O > EFEINEESRE > IR
FTLVERGNER R A |

258

T BN ES  HhE
ST -
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Understand the relations among electric field, electric potential, and electric field line.

The electric field line for a particular space is illustrated in the diagram. The directions of the

electric field are indicated by the arrows. Which of the following is correct?

(A means H, B means /)

(A) The electric field at Point EH [A] is stronger than at Point Z [B].

(B) The electric potential at Point FH[Al]is weaker than at Point /,[B].

(C) If there is no charge at Point FH[A], then there can be two electric field lines pass through
Point H[A].

(D) The direction of the electrostatic force experienced by the charged particle at Point FH[A] is
the same as the direction of the electric field at Point FH[A].

(E) When a charged particle moves along parallel electric field lines near Point H, the electric

field does not work on the particle.

ZE ] h L RIS B IR AU E] - EERS T MANRTHHATR o N YIRGI A R 2
(A) FREHYESBLAR -

(B) FHELZ BN ZBhZ BT -

(C) EFRELA BRI > R LI W FREE IS8 A -
(D) HrEERLTF AT 2 Z AR 7 2 5 T B A FRBLER S 2 T

[EJ o
(E) FEFFBEHTIT DL STAT 8 ity 7 R B TR 705 - BRI AR TR ek 1
=

(103 f559H 4)
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Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

Student:
Teacher:
Student:
Teacher:
Student:
Teacher:
Student:

Teacher:

Student:

Teacher:

As shown in the diagram, the electric field lines depict the distribution of the electric
field in space, including the magnitude and directions. With the electric field
direction going from the bottom left to the top right, please look at option (A).

I know nothing about option (A).

Think carefully. What feature of the electric field lines indicates the magnitude of
the electric field?

The direction of the arrows?

No. Does anyone know what the direction of the arrows on the electric field lines
means?

The direction of the electric field?

Yes. So what characteristic of the electric field lines indicates the magnitude of the
electric field?

[ don’t know.

Look at the diagram.

What is the difference between positions FH[A] and
Z[B]?

A

Point FH[A] has more lines passing through.

When more lines pass through the same area, it indicates higher density. What does
a denser electric field line mean?

Does it mean a stronger electric field?

Yes, that’s correct! So, option (A) is correct. What about option (B)?

The electric potential at FI[A] is higher than at /,[B].

How can you tell?

The arrow points from H[A]to Z[B].

Well done! Option (C) is incorrect. Why is that?

Because electric field lines can’t intersect.

That’s right! So, two electric field lines can’t pass through FA[A]. There is a slight
mistake in option (D). How can we correct it?

Change “charge” to “positive charge”.

Good. If a negative charge is in the electric field, the direction of the electrostatic
force it experiences will be opposite to the direction of the electric field at point

HH. For option (E), if we move the charge like this

BN AABEFRETRL PRPETRE F

oo L EEHEFEL L
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Will the electrostatic force work on this charge?

Student: No, it won’t.

Teacher: Really? Work is equal to force multiplied by displacement in the direction of the
force. The charge is experiencing a force, right?

Student: It experiences an electrostatic force.

Teacher: And, the charge undergoes displacement, which is parallel to the electric force.
Right?

Student: Yes.

Teacher: Then, will the electrostatic force work on the charge?

Student: Yes! I get it!

Teacher: Correct! The electric field will do work on the charge since there is electric force as

well as displacement parallel to the force.

RN WEFTR o EDRRRERTES O - BE A NETTE - G MEA
ET7 o BEREEEHA)

a4 o FERAEAHET |

ER AR EAORIAEEERFESIARN?

B4 T mBHAY T ENE 7

EH AR | A AKIEE TSR RTEE T [ R (T ©

B2 0 ZEBGHIGELE ?

Ehl  2HY o ALEIIGRHT R ERESHIAN ?

g s PRI -

Eif - BEERE -

R B 2 B AT R 2 ’

B 0 RrEEErEREEE -
EHl - MHERREBIIEGRS - FOREEER » EIIERE RO AR ?
B4 0 EGRORIE ?

AN
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1-3 Efise

. Electric Potential Energy

A/ NGB B[R R RSF IRIE I AHALLREE ST - W& Sime DERE T IREH - R AR
eV I REE 3 - ARIL NI AE RIS » FIRFRE thhEE e 2 2 (A - NS

TRIERAVENRER L - SR REEAE TIMFLIZ B - PR RS T2 T -

L g By g

conservation of mechanical

conservative force TRSF S T2 Re~FIR
energy

electric potential energy | EEfILAE be bounded B

at infinity 1E i8S 18R binding energy RAHRE

18 BOOD AR EERE TR FRPETRE



we VFFXEFREFATY <

[ (1) the difference between . }

5] : The work done by electrostatic force on a charge is equal to the difference between the

initial and final electric potential energies of the charge.

A ISR RV - AL BRI B A REE R BB ALAEZ 7=

[ ® Whether or . }

#14) - Whether a positive or negative charge is placed freely in an electric field, it will always

move from high electric potential energy to the low one.

feam L - BEMAENESE MR > HEhsERE - BEKEARE

o BEEEHE »

FEEE AR TR - BAEERLITER
At the end of learning the chapter, students are able to acquire the following concept:
— ~ fREE(IREHVESR
Understand the definition of electric potential energy.
=~ gEETENERGE AT - DU SRR S AT ER AT AE
Can calculate the electric potential energy between two point charges as well as that of
multiple point charges.
= THFRFE RS - BT R TINER -
Understand that electrostatic force is a conservative force, following the principle of

mechanical energy conservation.

19 PR ATHEERE TR P RS
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Be familiar with the concepts of Coulomb’s electrostatic force and electric potential

energy, and analyze the interaction between two charged bodies.

An a particle (Z=2, A=4) with kinetic energy E approaches a stationary gold nucleus (Z = 79,
A =196) from infinity, undergoing a head-on elastic collision. Let r be the distance between the
a particle and the gold nucleus during the collision, k be the Coulomb constant, e be the
elementary charge, and the electric potential energy is zero when oo=r. Neglecting gravity,
which of the following statements are correct?

. .. . . . 158ke? oo
(A) During the collision, the a particle experiences a repulsive force of Sif ° at position r.

158ke?
rz

(B) During the collision, the electric potential energy of the a particle at position r is

(C) After the collision, the a particle moves in the opposite direction to its original incident
direction.

(D) The minimum kinetic energy of the a particle during the collision is %E .

2
(E) The minimum distance of the a particle during the collision is 158ke”

Bhgek E Y o fIF (Z2=2> A=4) HERBEE  HEEFHNEHEFZ (2=79
A=196) {ETEFIE LRI - 3% r BREEERET > o B THSE TR k BEdR
HE > o BEABHIIER > W o =1 FHNEREERE » ZZ0SE ST JITFFIR0IR
UL ISETE T TR I 2

mumﬁmﬁw@mﬁrﬁ%mﬁﬁmwmm

(B) o Fr F{EREEM@FE R - 7 r BRAVEEfIAS ”?eo
«naﬁ%ﬁmﬁé’ﬁﬁ@ﬁm@EA%ﬁmMﬁo

(D) a K FIERERBTE T IR NRE B - E -

(E) o MR B PR/ NERE R 158ke?

(98 155 23)
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Teacher: According to the given information, how much charge do the a particle and the gold
nucleus carry?

Student: The charge of an a particle is +2e, while the gold nucleus carries a charge of +79e.

Teacher: That’s correct. So, what type of force during the collision between the a particle
and the gold nucleus?

Student: Since both the a particle and the gold nucleus carry positive charges, there will be
a repulsive electrostatic force between them.

Teacher: Exactly. Do you remember the formula of electrostatic force?

) . k
Student: Yes! The electrostatic force is given by F, = %. Therefore, we can know that

. ) . ) ) K
option (A) is correct. The a particle experiences a repulsive force of F, = % =

158ke?

at position r during the collision.
T'min

Teacher: Great, that is based on Coulomb’s Law! So, after the a particle undergoes a head-
on elastic collision with the stationary gold nucleus, how does the direction of
motion of the a particle change?

Student: It’s easy. Since the gold nucleus is stationary and there is a repulsive force between
them, the a particle will rebound after the collision. And, its direction of motion will
be opposite to the original incident direction. So, option (C) is correct.

Teacher: Excellent. So, for option (B), what should be the electric potential energy of the a

particle at position r?

) ) . k ) .
Student: The formula for electric potential energy is U = %, so the electric potential energy

. " 58ke?
of the a particle at position 7 should be 1o8ke”

Teacher: Correct, the formula is based on the hypothesis that zero electric potential energy is
when two charged particles are separated at an infinite distance. Since electrostatic
force is a conservative force, the conservation of mechanical energy “E = K + U”
holds. How to determine the minimum kinetic energy of the a particle during the
collision? Remember, kinetic energy is related to velocity!

Student: Hmm... kinetic energy is related to velocity, so the minimum kinetic energy of the
a particle should occur when its velocity is at its minimum.

Teacher: Correct. So, where does the minimum velocity of the a particle occur during the

collision?
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Student: The minimum velocity of the a particle occurs when it is closest to the gold nucleus,
meaning the velocity is zero at that point. Therefore, the minimum kinetic energy
of the a particle is also zero.

Teacher: Great. How can the mechanical energy be expressed?

Student: At this moment, when the a particle is closest to the gold nucleus and the distance
between them is 1,,;,, the mechanical energy can be expressed as E = K + U =

158ke?

Tmin
Teacher: Exactly, with the expression for mechanical energy, we know the minimum distance
Tmin-
Student: [ got it! By rearranging the equation, we can find that the minimum distance is

__ 158ke?
Tmin =

Tmin

Teacher: Correct!
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Calculate the electric potential energy formed by a system with multiple point charges.
In an equilateral triangle ABC, there are charges +q, +q, and —q at A
*q
each of the vertices, and the side length of the triangle is a.
Which of the following statements are correct? a a

+q -q
(A) The electric potential at point A is zero. B¢

2

(B) The electric potential energy of the system is k%.
(C) If there is a charge —Q at the centroid of the triangle, the electrostatic force

. . 6k
experienced by —Q is %.

V3kQq

a2

(D) To move this —Q charge to infinity, work done is

(E) Following (C), moving —Q to infinity does not require work.
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+q
(B) 1248 Sk
a a
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(D) BT -Q B EMBIERANT o - ]

(E) KO —Q ¥ EIES s AT EL) -
(89 =l

Student: Teacher, what does option (A) mean by “electric potential™? Is it the same as electric
potential energy?
Teacher: We will discuss this in the next section. Electric potential V is defined as the ratio

of the system’s electric potential U to the test charge’s electric charge q, which is

V= %‘ So, if we know the electric potential energy while charge q is at point A, we
can find the position’s electric potential.

Student: ) . . kq?
Okay, let me try. Between A and B, the electric potential energy at A is Uy = %,

) o U k
so the electric potential is V5 = % = f.

Teacher: Yes. It’s not over yet. Don’t forget to consider the interaction between A and C!

Student: ) . . -kq? .
Between A and C, the electric potential energy at Ais Uy, = Tq, so the electric
. . _ Uac _ —-kq . . _ kq
potential is V. = v - Adding these two potentialsVz + V¢ = —+

-k . . : :
(Tq) = 0, we can know that the electric potential at point A is zero.

Teacher: Exactly! So, how do we know the total electric potential energy of the system?
Student: It's simple, just add up the electric potential energies between AB, AC, and BC.
The total electric potential energy U of the system is U = Uyp + Uy + Upe =

—kq? . . . —kq?
) = aq , so the system’s electric potential energy is

kq? —kq? —kq?
—+(—)+(

a a a
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Teacher: Great, this is based on the principle of superposition! Moving on to the next option,
if there is a charge —Q at the centroid of this triangle, what is the electrostatic force
experienced by —Q? From this diagram, we can see that the point charge —Q is at
the centroid G. Which charges will influence it? Please draw the direction of the

electrostatic forces acting on the charge —Q.

Student: The point charge —Q at the centroid G will experience the influence of charges at
points A, B, and C. Between A and G, as well as between B and G, there is an
attractive force due to opposite charges; whereas between C and G, there is a

repulsive force due to like charges.

Teacher: Yes, so to get the electrostatic force experienced by —Q, we need to first know the
distances from G to points A, B, and C. Do you remember the characteristics of the
distances from the centroid to the vertices?

Student: Yes. The distance from the centroid to a vertex is equal to two-thirds of the median

length. For an equilateral triangle, the median length is also the height h = \/Z—ga.

) . . 3 2
Therefore, the distance from the centroid to a vertex is \/2—_ ax-= % Now, we can

kQq
7

know the magnitudes of Fa. Fg. Fc, which are all equal to A
V3

Teacher: Exactly. So, what should be the resultant force formed by these three electrostatic
forces on —Q at point G? We know that the angle between Fc and Fa, between Fp

and Fa, as well as between Fc and Fg, is 60 degrees.
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Student: We can change the directions of FZ and FB? into the direction of I?Z

So, the resultant force of the three electrostatic forces is

FA)+FT;+FC)=2X%XCOS(6O°)+%=M#.
(ﬁ) (ﬁ) a

Teacher: Very good! Now, what about options (D) and (E)? How do we know the work
required to move —Q to infinity?

Student: Work is the dot product of the force applied and the displacement, but here the
displacement is towards infinity. I’'m not sure how to calculate that.

Teacher: You are right! The work (W) can not be calculated via W=F-S directly. However,
we can use the work-energy theorem, which states that the work done to the system
W is equal to the change in the total energy of the system AE,. In this case, the
change in kinetic energy is zero, so the change in system energy AE;is equal to the

change in potential energy AU. We can relate the electric potential and the electric
potential energy (V = %) through the equation AU = (—Q)AV.

Student: Now that [ understand, the change in electric potential AV is the electric potential
at infinity (V,,) minus the electric potential of -Q at point G (V;;). The electric
potential at infinity is defined as zero, and the electric potential of -Q at point G is

k kq kq V3kq

VG:VAG+VBG+VCG=%+E+<—@>= —.
w i

V3kq

Therefore, the change in potential (AV) is V,, — V; = — .

a

Teacher: Right. Finally, multiplying the charge —Q by the change in potential (AV') gives us
the work done (W).

Student: T got it! So, the work done to move —Q to infinity is W = (—Q)AV = @.
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Electric Potential and Potential Difference
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electric potential BEAiL ground BEHY
Volt R¥F equipotential line LEAILR
electric potential difference | &7 equipotential surface == yAi|
voltage ERR equipotential volume ErAE
parallel plate PATIR
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[ o be independent of . }

fil4) = Electrostatic force is a conservative force, and the work it does is independent of the path

taken.
B IERSTT > HAED B AR ERE -

[ 2] be perpendicular to . }

#4) - Equipotential lines (surfaces) must be perpendicular to the electric force line.

SR (H) GHEHGMHEER -

s BEEE o

FEEE AR TR - BAEERLITER
At the end of learning the chapter, students are able to acquire the following concept:
— T EEA BN AENES
Understand the definition of electric potential and potential difference.
» BERt R B PATIR IR B AL 72 -
Can calculate the potential difference between parallel charged plates.
- PRI R B R A R A BRI A -

Understand the relationship between electric field and potential difference.
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Be familiar with the concepts of the electric field, potential difference, and the

distribution of lines of electric force between parallel charged plates.

As shown in the diagram, two identical parallel metal plates, denoted as U and D, considered
infinitely large, are spaced at a fixed distance of 5d. They are connected with a copper wire to
the ground, which is at a constant potential of 0. Initially, U and D are both uncharged. Now, a
metal plate T, identical to U and D, with a charge of +Q and not grounded, is moved parallelly
and placed beneath the upper plate at a distance of 2d. Given that the number of electric field
lines connecting two plates is directly proportional to the electric field between the plates and
also directly proportional to the charge at either the starting or ending point. Besides, the
potential difference between D and T is equal to the potential difference between U and T.

Which of the following statements are correct in electrostatic equilibrium?

[ — I*

3d

(A) The electric field between D and T is 1.5 times that between U and T.

(B) The number of electric field lines that end at plate U is equal to those that end at plate D.
(C) Plate T experiences an upward electrostatic force.

(D) The electrostatic force on plate T is zero.

(E) The charge on plate U is 1.5 times the charge on plate D.
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(111 S FH77HE 13)

Teacher: Originally, both plate U and plate D are uncharged metal plates. What happens when
a charged metal plate T with a charge of +Q is introduced?

Student: What will happen?

Teacher: Will plate U and plate D still remain uncharged?

Student: It seems not. T metal plate will lead to the U ~ D metal plates charging by induction,
right?

Teacher: Great! That is because U ~ D metal plates are both grounded, which resulted in
charging by induction. Can someone come up and draw out the induced charge
distribution?

Student:
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Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

That’s right! Negative charges will flow from the ground through the grounding
wire to the U and T metal plates, to keep the U ~ T plates at zero electric potential.
Meanwhile, the middle T metal plate carries a positive charge, while the upper and
lower U and D metal plates carry negative charges, which creates an electric field
among them. Let’s look at option (A). What is the electric field magnitude related
to?

It’s related to the potential difference between the two metal plates!

Exactly. And, is the electric field magnitude related to the distance between two
metal plates?

14

Yes! So, the electric field E = "

That’s right, electric field is proportional to the potential difference and inversely
proportional to the distance between the two plates. Please write out the electric

fields between U and T (Eyr) and D and T (Epr).

The electric field between U and T is (Eyr = %), and the electric field between D

. 14
and Tis Epr = %.

Very good. What’s the relationship betweenEy; and Epr?
The electric potential difference of UT and DT are equal.
Exactly, since plate U and plate D are both grounded, the potential of U and D are

VpT
E 2, . .
both zero. So E—DT = v = 3. Option (A) is not correct. Also, we know that the
ur —_—

2d

ratio of the electric fields between D and T and U and T is % Since electric field

lines are related to the electric field, who can tell me the relationship between the
two?

The larger the electric field, the denser the electric field lines.

Great! The electric field between U and T is stronger. Are the lines of electric force
denser or more scattered?

They are denser. So, option (B) is incorrect.

Now, let’s look at options (C) and (D) together. Both the U metal plate and D metal
plate will attract the T metal plate, but which side has a stronger attraction? Is it

upward or downward?

A

oo L EEHEFEL L
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Student:
Teacher:

Student:

Teacher:

Student:

Teacher:

PRTREFTRT 2 AL P we IFFEEREFETY

The upward attraction is stronger.

Yes, how did you know that?

Because the distance between the D and T metal plates is larger, the electrostatic
field is weaker. Whereas, the distance between the U and T metal plates is smaller,
resulting in a larger electrostatic field. Therefore, the electric force between U and
T is stronger than that of D and T.

Very good! Option (E) is asking about the charge. The charge is directly

proportional to the electric field strength. Could you calculate the ratio between the

two?

E 3
Qur _Eor _3_ .
QDT EDT 2

That’s correct. So, options (C) and (E) are correct.
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Know the principles and application of electrostatic discharge technology.

In many working environments, functional clothing provides essential safety protection.

For example, anti-static work clothes with higher conductivity can suppress the accumulation of
static charges on the human body and clothing. It can eliminate or reduce the dangers of static
discharges. Therefore, it has become a fundamental protective necessity in the petrochemical

industry. Which of the following statements about anti-static working clothes is incorrect?

(A) Conductive fibers can be made entirely or partially using conductive materials such as metal
or organic substances.

(B) Anti-static fabrics can be produced by uniformly mixing conductive fibers in a certain
proportion during the weaving process.

(C) To prevent the accumulation of static charges on clothing, work clothes can be made using
conductive fabrics.

(D) The higher the electric resistance per unit length of conductive fibers, the easier it is
for charges to flow instead of accumulation.

(E) Anti-static working clothes can use grounding to release charges or neutralize discharges to

prevent the accumulation of static charges.
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AT AHE S IR RAEAFER A - DUMBRECR  F R B EE > I E R R i b T3k
EARIG &0/ 0 o A RIVIR#E TEARAIAGI - A& AL ?
(A) EERGRAE R 2 EL o (8 H S Ba I B A R LK -
(B) TE&IARIRHZ IR —ELLBe 2R A aAE - nJBLRRFESY) -
(C) BBtk RZianseE s - A FI B A EE MRS TR -
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Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:
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From the description in the question, what characteristics should the fabric used in
making anti-static work clothing have?

High conductivity, as it helps prevent the accumulation of static charges.

Exactly, charges flow more easily in materials with high conductivity, so grounding
can more effectively dissipate static charges. Therefore, it can achieve the purpose
of preventing static accumulation. Now, look at the options. Do you notice anything
incorrect?

Hmm... Options (A), (B), (C), and (E) all seem to be correct, but I’m not sure about
option (D).

As we discussed earlier, higher conductivity in a material means that charges within
the material can flow more easily, resulting in an electrical current. Now, think about
it, with the same voltage, what happens to the current as the resistance value
increases?

I know! With the same voltage, as the resistance value increases, the current
decreases.

Yes. The higher the resistance is, the smaller the current resulted. And when the
current is smaller, does it mean charges are more likely or less likely to flow?

Oh! With a higher resistance, it means charges are less likely to flow, leading to the
accumulation of charges. Therefore, option (D) is incorrect.

That’s correct!
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The Magnetic Effect of Electric Current
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2-1 EBXEH
Electric Currents Create Magnetic Fields
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long straight current-

average current SRR REHERELH
carrying wire
instantaneous current | BFEHFEER magnetic needle 57
magnetic effect of direction of electric
B MR BRI IE
electric current current

Ampere’s right-hand

AT ER Biot-Savart Law NER-/ AR E T
rule
magnetic field 155 magnitude and direction | = {E K J5[H]
magnetic field lines Hg TI45% vacuum permeability EZEHREE R
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o

is opposite to . J

EE

In conductors, the direction of electric current in the wire is opposite to the flow of free

electrons.

Apgth - BRNERTE > BEBETRET MK -

If you use to represent , represent . }

HGR

If you use your right thumb to represent the direction of the electric current (1), the other

four fingers would represent the direction of the resulting magnetic field lines.

ELVETRIHEREER | AvmE > QIHERIUTS - a{RERATEAERIH IR ITH -

is perpendicular to . }

i -

The orientation of the magnetic needle around a current-carrying wire is perpendicular

to the direction of current flow.

OB F RIS THE R > GEENERITE

In addition to y . }

Bilsy -

In addition to the magnetic force between magnets, there is also magnetic force between

an electric current and a magnet.

R T g AN > AL FE e AT -
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At the end of learning the chapter, students are able to acquire the following concept:

1]

© TRRERHVESR °

Know the definition of electric current.

 TRERHIOE o WIER] T e a TER L o REERHERSS TR -

Know the magnetic effect of electric current and apply Ampere’s right-hand rule to
determine the direction of the magnetic field from the direction of electric current.

- HAR DB - DI IR SR | B EREOTELS - BiRIME (G TREER]D) - #E

22 P — R RS BB K T
Understand the meanings of Biot-Savart Law. Be able to apply it to derive the magnitude
and direction of the magnetic field generated by a small segment of current-carrying wire

via the cross-product (right-hand rule).

o IEERE s

BlE—

St ¢ (o R0 D E A T R FH [ 5 B B

Calculate the magnetic field at each point around the given current-carrying wire using

the Biot-Savart Law.

As depicted in the diagram, when the wire carrying electric current (I) passes through the origin,

a short straight segment of the wire with a length AL aligns with the x-axis. Which of the

following descriptions regarding the magnetic field generated by this small straight segment of

wire at the six different positions from A to F are accurate? These six points are located on the

xy plane. Their coordinates are A (5, 0), B (0, 5), C (=5, 0), D (0, =5), E (3, 4), F (6, 8).

(A)
(B)
(®)
(D)
(E)

The magnetic field strength at point A is greater than at point B.
The magnetic field strength at point B is greater than at point E.
The magnetic field at point C is zero.
The magnetic field at point D is zero.

The magnetic field strength at point E is four times greater than at point F.
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Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

To begin, how to determine the magnitude of the magnetic field generated by a small
segment of wire at different positions?

We should use the Biot-Savart Law.

Yes, Biot-Savart Law explains that the magnetic field is inversely proportional to
the square of the distance and directly proportional to the perpendicular component
of the electric current. Thus, the resulting magnetic field is proportional to sin 6.
Given that sin 0° = 0, we conclude that the magnetic field at point A is 0.
Considering that sin 180° also equals 0, can we deduce that the magnetic field at
point C is likewise 0?

Exactly, which means the magnetic field at both point A and point C are indeed 0.
Thus, option (A) is incorrect while option (C) is accurate.

Now, what about points B and D? These two points are situated perpendicular to the
wire’s direction, and their distances from the wire are identical. This implies that
their magnetic field is not zero, doesn’t it?

Exactly. This means that option (D) is incorrect. Now, let’s turn our attention to
points B and E. The distances from both point B and point E to the wire are equal,
so our assessment hinges solely on the sine of the included angle. Since the magnetic
field at point B is proportional to sin 90°, while at point E it is proportional to sin
53¢, and sin 90° > sin 53°, it follows that the magnetic field at point B exceeds that
at point E.

Therefore, option (B) is accurate. Moving on, let’s compare points E and F.

BN AABEFRETRL PRPETRE F
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Student: Biot-Savart law indicates that the magnetic field is inversely proportional to the
square of the distance, and considering that the distance from the wire to point F is
twice that from the wire to point E, can we deduce that the magnetic field at point E
is four times that at point F?

Teacher: Yes, which confirms that option (E) is accurate.

BRI o BRI N AR - (TN E AL P R AR A INIE 2

BE C EE B RE R -

EEG A B EOE RS ST R NP BB EE - BT LA
SRRy BAIEEL - EEEL sin BRIEEL - N sin 0° = 0> ATLL A BERES5 58

BE o
B4 I sin 180t 2ENE » R E C Bt =& ?
ZET 955 PRl A BEDUR C BEAIRGSEREE - iEkE(A)EIERLEEEERAY T > 36 H(C)

RV T IR -

B 0 0B REER D BE ? A FIRTRLERE LR T [n R EE Y - 1 HE AR A E
TS E A EE > HIE?

RN J2s8h o ATLAD)EEIEE ST - TR MK B BhER E &L - B RLEIELRAVEERE
PR E BREELRA R E] - B DA A FR BT A Z IESZ B R R/NRTH] > (R
B BIHURLS AR/NEEERY sin90° 0 1fi E BEAURLS IELERY sin 53° > sin 90° >
sin 53° > ALl B BEHUNESEE B BEHINMES ISR - [NIE(B)BEIEZ [EERY © 32 2K
HAPREEEL E BLEL F AL -

Bt A RN RN B D EOE RS I - WS EEEE TR EE - JCEARE] F BLHY
PEEEE R T E BIAVEEEER W (% > Fr A E BRI R A2 F BRI IUAE 2

CHI a8 > PRIL(E)BEE R ERERY -
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Apply the Biot-Savart Law to qualitatively assess the magnitude of the magnetic field at

any given point in space.

As depicted in the diagram, we have a segment of current-carrying wire. What’s the order of

the magnetic field strengths produced by this wire segment at points A, B, and C?

W Fy—FRaomELR - HILERa SR AE A ~ B~ C ZBEATEE LRI K/ NI Ry fa] 2

B o
A
. L= |
Al

Teacher: First of all, according to Biot-Savart Law, the magnitude of the magnetic field is
inversely proportional to the square of the distance and directly proportional to the
sine of the angle between the wire’s direction and the position vector from the wire
to the point. Since the angle between the position direction of point A and the wire
is 0 degrees, resulting in a sine of 0, the magnetic field at point A is zero.

Student: OK. Now, which point has a stronger magnetic field intensity, B or C?

Teacher: As we discussed with Biot-Savart law, the magnetic field is inversely proportional
to the square of the distance. Considering this, which point is situated at a greater
distance from the wire?

Student: Point C is positioned farther away from the wire.

Teacher: Exactly, the rule is that the greater the distance, the smaller the magnetic field.

Student: I see. So, if point B has a larger magnetic field than point C, how does point C
compare with point A? Both magnetic fields are quite small.

Teacher: To assess that, we need to consider the angle between point C and the wire. Is the
angle between point C and the wire 0 degrees?

Student: No, it’s not.

Teacher: Right. Since the angle between point C and the wire is not 0 degrees, even if the
magnetic field is small, it’s still larger than the magnetic field at point A. So, the

magnetic field is greater at point B than at point C, and point C has a larger magnetic

field than point A.

A
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2-2 ERERIVEIS
R Magnetic Field of a Current-Carrying Wire

TR EE Ry U TR TR R R EO R AR - BITPARE - BURGE
FEZEfEIPT EE LR RNES EAH BT [R] » JOCIGRIG > BENTR SR HHEOR SR (e REER
AREE ~ BRAVE ) FTAEAVES EM S BB (R E B > H RS oM
iN[ESESEIPA

B¥ th&E B¥ thiE
solenoid MEAE electromagnet A5
circular coil [El7F &R Pl soft iron rod H R
clockwise [ELES3 uniform magnetic field A
counterclockwise WilE4t
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f7l4) : The magnetic field lines are concentric circles with the wire at the center. The closer one
gets to the wire, the stronger the magnetic field becomes; thus, the denser the magnetic

field lines are.

Eﬁﬁiﬁ%u\ﬁﬁ%lué’]ﬂ OBl SR E SRR I B E AR > BT A 144

2] is directly proportional to and inversely proportional
to

#4) - The resulting magnetic field is directly proportional to the electric current (I) in the long

wire and inversely proportional to the distance (d) perpendicular to the wire.

REEGATEANNLSS - LR | RIEEE - BRERAY T EEEEE d pSEE -

[ (3) are similar to . ]

%4 : The magnetic field lines of a circular current-carrying wire are similar to those of a circular

magnet.

B EoT BSR4 > BB MERAIRE TSR Bl -

[ (4] be visualized as consisting of . ]

#4] © When electric current flows through a solenoid, the resulting magnetic field can be
visualized as consisting of numerous loops of current-carrying circular coils placed

abreast.

AR IBIRARE BT AL HINEES R B RIUE R 2 I~ MEH YRR BT 4R B AH ST i -
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At the end of learning the chapter, students are able to acquire the following concept:

[1]

TR (B 0 REES - BIRE - BRE) Al TRE-EOER: ) BT

BATER ) R - HprEANSEEETT -
Understand how the magnitude and direction of the magnetic field produced by a current-
carrying wire (e.g., a long straight wire, a circular coil, a solenoid) are determined by using

Biot-Savart Law and Ampere’s right-hand rule.

S B B A P L b PR AR -

Calculate the magnetic field along the central axis resulting from a long straight current-

carrying wire or a current-carrying circular coil.

BT REORIRGVE O 0 FTE AR SIS A NI -

Calculate the magnitude and direction of the uniform magnetic field produced by a current-

carrying solenoid.

» BIEERE o8

plE—

st ¢ EFREECRUELR - FTELES AR REER ES AT ERILE -

Apply the formula for the magnetic field strength of a current-carrying long wire to derive

the distance corresponding to a specific magnetic field.

In the early days, the United States utilized Edison’s DC power supply system with a voltage
of 110V. It is known that the electric current in the transmission cable of this system is 100A.
In the power supply area, the Earth’s magnetic field measures 5.0 X 107°T, and the vacuum
permeability is po = 47 X 1077 (T-m/A). At what vertical distance from a long straight cable
in this power supply system will the magnetic field generated by the electric current be equal

to the magnitude of Earth’s magnetic field?

(A) 50 m (B) 35 m (C) 10 m (D) 2.5 m (E) 0.40 m

49
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SR R AR ER A8 BB 110V - R A4 (Hin S 4RAYE
JiFy 100A » (LB AT RS2 5 5.0 X 107°T » [ EZE W EA up = 4m X 1077
(T-m/A) - SR AEE RS — B R BV ESR 2/ ) F HiERER - HER AT E RS
EARN RIS B AR ?

(A)50 m (B) 35 m (C) 10 m (D) 2.5 m (E) 0.40 m
(106 55 V)R ELEE 11)

Teacher: Do you know the magnetic field strength at a vertical distance (r) from a long
straight wire?

Student: Yes! This can be calculated using the formula for magnetic field magnitude: B =

Mol
2nr’

Teacher: Exactly, the magnetic field’s strength is denoted as B, the vacuum permeability is a
constant represented by p,, the electric current is marked as I, and the vertical
distance from the wire is indicated as r.

Student: According to the given information in the question, the magnetic field is equivalent
to the Earth's magnetic field, signifying a value of 5.0 X 107°T. The vacuum
permeability, i, is established at 47 X 1077(T-m/A). The current is determined
as 100A. Thus, the vertical distance can be calculated as r = 0.4m.

Teacher: Exactly! Therefore, the answer is option (E).

Student: Teacher, it appears we didn’t take into account the provided voltage of 110V in the
question.

Teacher: You’re absolutely right. The given voltage isn’t required for calculating the
magnetic field, since the magnetic field depends on the electric current instead of

voltage.

AT KRR B B AR TR ELRHE By r IR NI 2
gk HE | STV B = 52 AGHE -

Ehh s 28 > HPWIGK/INEB » BEZEWER uy =EFEE > B0 1 T EELGAER
BBy T o
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R B E SRS NS RIS B E S - RS NES.0 X 107°T »
HZEREEA po =4 X 1077 (T-m/A) > B2 100A - H It of 5 B H 3 ELEEEE &
r =0.4m -

ERN 288 | BT E R () -

B4 0 AN B GEN A HERE HGHERE R/ NE 110V 7

Ehh 2y BT HEIEREAR/N - N RS S BE R AR -

pIEE—

i | EA R EEUER WS A T I E— L BRI RN -
Apply the formula of the magnetic field strength of a current-carrying long wire to

determine the magnetic field magnitude in space.

As depicted in the diagram, there is a thin straight wire perpendicular to a horizontal table.

A small magnetic needle is placed on the table at a distance (R) of 10 cm from the wire. When
there is no electric current in the wire, the magnetic needle remains horizontal with its N pole
pointing north. However, when a direct current (I) flows through the wire, the angle between the
N pole of the magnetic needle and the north becomes 6. Now, if the distance (R) is altered to 20
cm while maintaining the angle between the N pole of the magnetic needle and the north as 6,
what adjustment must be made to the magnitude of the electric current flowing through the wire?

(A4 (B)2I (C)I (D)2I (E)4l ;
A

S
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#t N fEL LAY I A R0 - RIELGREY R A/ N HEE R N F 1] 2
(A)4l  (B)21 (O) (D)2I (E)4l-

(100 55 EIEE 19)

Teacher: Why did the magnetic needle initially align itself northward?

Student: It’s due to the Earth’s magnetic field which always points towards the north.
Consequently, in the absence of any current, the small magnetic needle aligns itself
with the northward direction.

Teacher: Exactly, but what’s the reason behind the magnetic needle deviating by an angle 6
when a direct current (I) flows through the wire?

Student: This happens because the Earth’s magnetic field naturally points northward.
However, the electric current in the wire generates a magnetic field that is oriented
westward at the location of the small magnetic needle. Thus, the resultant magnetic
field becomes the direction of north by west. Consequently, the small magnetic
needle becomes skewed towards the northwest at an angle 6.

Teacher: Great! Based on Ampere’s Right Hand Rule, we find the resulting magnetic field is
to the west. Then, to maintain the angle 6 unchanged when relocating the small
magnetic needle, the magnetic field at the new position must also remain constant.
Do you know how the distance between an electric current and a vertical long
straight wire influences the magnetic field?

Student: Yes, I’ve learned that the magnetic field’s magnitude at a distance (r) from a long

tol
straight wire is given by B = %

Teacher: Exactly! The magnetic field strength (B) of the long straight wire is inversely

: I . : : . :
proportional to - the distance r. Given that the question mentions a change in r

from 10 cm to 20 cm, effectively doubling the distance (r), how many times should

the electric current (I) be increased to ensure that the magnetic field’s magnitude at

the small magnetic needle remains unchanged?
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Student: In this case, the electric current (I) must be doubled!

Teacher: Excellent! Therefore, the answer to this question is option (D).

LRl WSt —BAATE RILE A E RIS R ?

B2 0 BNt ERHERESS T R mIE > BRI o MES T e e mdLE -

D % BEAESEBEERERS 1R Wit ERE o Y

B4 0 RREkiES L - (B2 E R R AT NS R IS R T IR PERYRESS; - R
/NS FITAE Z R R4 > st e 2 dLimiy » 2K/ 0 -

ERN R | ATEEE TR TER ) ACHET - BRI Y © FER,
TEEOANEE » FTLUER B/ IMEETHR - /INEEET P ERTHT (L B AINEES K/ N 22
NEAH - ARG AE R IR E B & A SRA R & B 25 A NI 7

Sk FIE o ZATEEIEE EEG r RIREE A/ NEB = £

2nr
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2-3 ERERERSPFAZAEN
Magnetic Force due to a Current-Carrying Wire

N in applied magnetic field

AEEME T A TREE ) AHEEHEO BRI T AT AT T > WETERETER] » Bl -
B P TSR ERITE AT - SLEREHRIFIE o SOGRERET - FET R DAEHC— R0
HJHL BRRRECRUE LIS TV IIIB T - RIS IR RRAIIRIE - BES1 > IR AEE
B B EAREAY T AR A THOR BRERIE T - BB e B AR B A -

B hiE B hiE
irregularly shaped ‘
magnetic force ) AR E LR
conductor
direction of electric current | Z& 7 A closed electric circuit | HfEAZE R EE

external uniform magnetic
SMIBE A | torque pajSE!
field
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area enclosed by the
number of turns in the coil | 47 FE4E4EAY T8 &R PEI T[] HIFE
coil
brush =il electric motor TmENE (EE)
Right-Hand Rule HFHEER]

[o

is dependent on . }

4]

: The magnetic force of an electric wire is dependent on the current and the external

magnetic field, as well as the angle between them.

A ISR ~ SIS ~ R Z IR

[9

is parallel to ]

Q)

: If the electric current is parallel to the magnetic field, the magnetic force exerted on the

current-carrying wire is zero.

& U [FIERE S T 1R A TR > RIEOTE SR AT 2L ] R

When pointing in the direction of . ]

Bilsy -

When pointing the thumb in the direction of the current and extending the four fingers in
the direction of the external magnetic field, the direction in which the palm is pushed
outward indicates the direction of the magnetic force on the long straight wire carrying
current.

RIHETRIMEERUA R - DUFETRRSMIINGS TR, - RIZ0 FIMERYTTE - SR
REBGIENSS T2 15 -

-
T x T P 0o IIFAEEHEFL Y
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O When the currents in two parallel current-carrying wires flow in
(the same direction/opposite directions) , the wires would

(attract each other/ experience a repulsive force)

#14)(1) : When the currents in two parallel wires flow in the same direction, the wires would
attract each other.
E R ETEOR SR E R E R o AR ESR g S|
#14)(2) : When the currents in two parallel current-carrying wires flow in opposite directions,

the wires would experience a repulsive force.

EPA TR U o AT G T AP -

o BEEHE »

FEEE AR TR - BAEERLITER

At the end of learning the chapter, students are able to acquire the following concept:

—  TARECESRAEMS T AT TT > B0 - ARERTER S SRS T R T
Understand the forces acting on a current-carrying wire due to an external magnetic field,
such as the force on an irregular wire in a uniform magnetic field.

T TRHTEORE G REIRIER T -

Understand the forces that arise between parallel current-carrying wires.
= THREE - BB EEERE -

Understand the operational principles of electric motors.
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Determine the relation among the directions of an external magnetic field, electric current,

and magnetic force by using the right-hand rule.

To confirm the occurrence of magnetic force acting on a long straight wire carrying current [ in
an external magnetic field, if the wire is parallel to the +x-axis, with the current along the
+x-axis, as illustrated in the figure where the x- and y-axes lie on the paper. If the force exerted
by a uniform magnetic field causes the wire to levitate, indicating that the magnetic force is
directed along the +z-axis (perpendicular to the paper), what is the direction of the uniform
magnetic field?

(A) +y-axis direction y

(B) —y-axis direction g_’

(C) +z-axis direction -

Y

(D) —z-axis direction

ey

(E) —x-axis direction

By T igsem AR 1 WREESG EHGT it )]  B—RePTh x BhryEagmbls
+x BT RV » WERTR - H xos y BiEARE L - H S E A ER T
(g RT 22 BIREIFE A+z @il )7 17 (B8 B 2R AR » RIS SRS HY 5 1m Befe] 2
(A) +y BITH (B) —y $hUTH (C) +z #hTI
(D) —z #hI7E (B) —x #7750

(106 f5E5 P EEE 15)

Student: Teacher, how do we find the direction of the magnetic force on a long straight wire?
Teacher: We can apply the Right-Hand Rule for assessment. Simply open your right hand,
with the thumb representing the current direction and the four fingers indicating the
external magnetic field direction. The direction pointed by the palm reveals the

orientation of the magnetic force exerted by the long straight wire in the external

magnetic field.
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Student: So, if the force is in the +z-axis direction, does that mean that we should align our
palm with the +z-axis direction?

Teacher: Exactly! Considering the question and the picture, the current is directed towards
the +x-axis. At this point, in what direction are the four fingers pointing?

Student: The four fingers will point in the +y-axis direction!

Teacher: Excellent! So, the magnetic field direction is like the +y-axis, and the correct answer

is option (A).

B2 RN > BURHETR BRI Z IR 5 [FE ?

Zp o BT AFFAZEERAHR] - B4 FHT5E - KHERERE RG> HiER
TINS5 1R > IS CFE RIS LR & R SAE I NIt ATz 2R )
JilA e

| 1

E2E 0 U H S e R MR B AR Z T Frz TR - sLEIEE L Rz BT R 2

ERN  J28h o ARIRE H Rl BE - BT [ A BT o BRI E TR A (T
[FIE 7
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Analyze the resultant force by determining the direction of the magnetic force on a

current-carrying wire.

Two fixed, long, insulated straight wires are arranged perpendicularly to each other, with wire
' positioned on top and wire /. on the bottom. They are in close proximity but not in contact,
both parallel to the horizontal plane (i.e., the paper surface), as depicted in the figure. If both
wires carry an identical current I in the direction indicated by the arrow, which of the following
statements accurately describes the electromagnetic force acting on wire /,?

(A) Experiencing an upward net force

(B) Experiencing a downward net force )\ ¥

(C) Experiencing a counterclockwise torque ! —

(D) Experiencing a clockwise torque I <
(E) The net force and torque exerted are both zero.

IR B e R GRS MR > BT R R
B ELB KPR (EDAEED 45 A B EATT - SR s a e 1
AR - HITFIBIR G 2 A2 BRSO » 7% R 2
(A) Z—HEZFH -
(B) Z—H T3 -
(C) BT 75 -
(D) 2B 7 171 2 78 -
(B) Fi 33 I RIAE S B -
(105 $55Y/EIEE 13)

Teacher: First of all, the force on a current-carrying wire is influenced by the magnetic field
it receives, and this magnetic field must come from another wire. So, we need to
figure out the direction of the magnetic field on wire B caused by wire A first.

Student: How do we determine the direction of the magnetic field from wire A?

Teacher: We can use our right hands. The thumb shows the direction of the current, and the

way your fingers naturally curl represents the direction of the magnetic field.
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Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

Student:

Teacher:

I
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EH
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So, for wire A, the magnetic field in the right half goes into the paper, and in the left
half, it comes out of the paper?

Exactly! Now, after knowing the direction of the magnetic field on wire B, we can
use the Right-Hand Rule to figure out the magnetic force exerted on it.

How do the fingers on the right hand represent?

Open your right hand. In this position, the thumb indicates the current direction, and
the four fingers denote the external magnetic field direction. The palm’s orientation
signifies the direction of the magnetic force experienced by the long straight wire
due to the external magnetic field.

So, in the diagram of the question, the current in the right half of wire B flows to
the right, and the magnetic field direction is in the paper. Applying the Right Hand
Rule, we can know that the force is upward.

Excellent! And in the left half, where the current is to the right and the magnetic
field is out of the paper, the force is downward based on the Right Hand Rule.
Does wire B experience a counterclockwise torque then?

Exactly! So, the answer is option (C). Great job!

Bt BARFT i ] DU E SRRV - RBR A S ERACKE
BELEES » —ERH S —RESRHEY - Fr AR S o A AR R A 47
LTS INES TR

LRl > 3 BT AT S LS T e 2

HATAT LRI FACHET » A T AR ARERAYTI - VU B 2856 A5 5
LS TTIA o

Pt LU SR LG - BB A A 5 [RS8 ASRA T 1) - BB A2 S AR RAY
J3[EINE ?

2t | AEEG L ERNES TR Z 1% - BP A LUEE G TR e AR HI B SR
P2 01 751A] ©
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N Motion of a Charged Particle in Magnetic Field
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e
BF thiE BF thg
The Lorentz Force hmsk)) cyclotron radius A A1
charged particle R cyclotron period Al A H
trajectory HHEER K spiral path BEE4R
pitch I e e velocity selector PRI eSS
mass spectrometer EakE cyclotron ATEhNHEs
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Under identical conditions of y . }

: Under identical conditions of charge, speed, and entry into a magnetic field, positive

charges and negative charges experience equal magnetic forces in opposite directions.

HAHERr R ~ T ~ Kl T o I - BB EEMRSE - JTEAMEE -

be supplied by . }

Bl -

The centripetal force required for the constant velocity circular motion of charged particles

can be supplied by the magnetic force.
WA R T R - (E R B E AR AV RL T -

is independent of . }

)

: The rotational period of a charged particle in a uniform magnetic field is independent of

the particle’s speed.
— 7y BB BT E S TR A A - BB SRR AR SR -

[e_

is transformed into . }

#i4]: When charged particles are accelerated by electric potential difference, the electric potential

energy is transformed into kinetic energy.
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At the end of learning the chapter, students are able to acquire the following concept:

1]

s TR E RS T YR ST A N TR

Understand the magnitude and direction of the force applied to a charged particle in a
magnetic field.

» i R B E R AL T A A ST -

Analyze the trajectory of charged particles navigating a uniform magnetic field.

* woadcr e RGPS T THONE R - BN - B B S

Know the applications of magnetic force exerted on charged particles, such as velocity

selectors and mass spectrometers.

» BIEERE o8

plE—

st EA DA TREER] ) ACHIETEST R T EMSS T > BT

Use the Right-Hand Rule to determine the direction of the magnetic force acting on

charged particles.

As depicted in the diagram, when neglecting gravity, a particle is horizontally launched toward

a vertical, long, straight wire carrying steady current. The particle trajectory is deflected by the

magnetic field generated by the wire, as indicated by the dotted arrow. Which of the following

inferences is accurate?

(A) If the particle is an a particle, the current in the wire flows from top to bottom.

(B) If the particle is a B particle, the current in the wire flows from top to bottom.

(C) If the particle is a y particle, the current in the wire flows from top to bottom.

(D) If the particle is an electron, the current in the wire flows from bottom to top.

(E) If the particle is a photon, the current in the wire flows from bottom to top.
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(104 f55PHLE3E 13)

Teacher: Do you still recall what o particles, B particles, and y particles are?

Student: Yes. a particles are helium nuclei, B particles are electrons, and vy particles are high-
energy electromagnetic waves.

Teacher: Exactly. Therefore, a particles are positively charged, and P particles are negatively
charged. Both will be exerted by magnetic force due to the existence of magnetic
fields. The magnetic force is always perpendicular to the velocity of the particle,
thus which can only alter their direction of movement. On the other hand, y particles
are a type of photons carrying nil charges, therefore, no magnetic force is exerted
on v particles in the magnetic field.

Student: Got it. So, if the current direction is from top to bottom, in the left half, the magnetic
field points to the finger. If the particle moves downward, it means it is forced
downward. Does that imply the particle is negatively charged?

Teacher: Exactly. Accordingto B = qu_ X B™, we can determine the +sign of the charge q,
from the cross product between v and B, and the given direction of the magnetic
force. If the particle were positively charged, the force would be upward. Therefore,
with a downward current, it must be a 3 particle. Hence, option (B) is correct, while
options (A) and (C) are incorrect.

Student: Student: OK. Conversely, if the current direction is from bottom to top, it should be
positively charged.

Teacher: Excellent! So, options (D) and (E) are both incorrect because electrons are

negatively charged, and photons are not affected by magnetic fields.
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Use force analysis to determine the forces acting on a simple pendulum within a uniform
magnetic field.

As depicted in the diagram, a small ball with mass m and positive charge ¢ hangs from a string
fixed at one end. The length of the string is [. The system is positioned in a uniform magnetic
field, with the magnetic field direction B perpendicular to the paper. Initially, the stationary ball
makes an angle 6; with the vertical line. Upon release, the charged ball swings to the left,
reaching a maximum swing angle of 6y on its left side. Assuming negligible friction and air
resistance, and with gravity acceleration g and the ball’s speed at the lowest point as v, which of
the following relationships or statements regarding the force and motion state of the ball are

correct?

X X X X X
X X X X X
X X X X X
X X X X5k
X X X X X
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(A) 0; <6
(B) The magnetic force does not work on the ball during the swinging process.
(C) Gravity consistently does positive work on the ball throughout the swinging process.

(D) When the ball passes the lowest point for the first time, the tension in the rope is
2
v

l

T =mg+ qvB +

(E) Both gravity and the magnetic force experienced by the ball during its movement are

constant values.

WEFTR - —HE8A m - FIEER q #/NRI—ImEERVAMGEEEE - MR A 248
BENHEARS T W5 B BT REE S MK - FALGHRE EAY KA B E 4ROk 6,
R R B/ R RS - s IR R E A SR ELAR A 0 » 35 BRI B2 S fH 34y /]

WG EIINEE Ry g M/ NERTERERRAVER v BTN SR/ NK 2 B SR REHY
B (AU EGRO » WREL I 2

(A) 6; < 6; x x x I\ x x
(B) FERESHBAZS - BERENRIED - Lo g

(C) 1EfEBIEIET » BBV NRAGEIE TR -
(D) /INREFE—LEBRERNE » SEFHENT = mg + quB + —
(E) /INERAE B AR o BT 2 Y 28 ) Rl 8 B e (-

(102 55 HE 235 23)

Teacher: Let’s start by analyzing the magnetic force on the ball as it swings left. We can use
the formula B = qv X B by adopting the cross product of v and B to determine the
magnetic force at each moment. Due to the cross-product, the direction of the
magnetic force on the ball is always perpendicular to the direction of its motion.

Student: Got it. Because the magnetic force is perpendicular to the ball’s velocity, it doesn’t
do any work during the process. The question mentions ignoring friction and
resistance, according to energy conservation, 6; and 6 should be the same.

Teacher: Exactly, which means option (A) is incorrect, and option (B) is correct.

Student: Does gravity always do positive work on the particle?
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Student:

Teacher:

Student:

Teacher:

Student:

Teacher:
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Not necessarily. We need to consider different scenarios. When the ball is swinging
downward, its vertical displacement is downward, aligning with the gravitational
force, so gravity does positive work.

I see. But when the ball swings upward from the bottom, the vertical displacement
is upward, opposing gravity, so gravity does negative work.

Excellent! Hence, option (C) is incorrect. Now, onto option (D). What forces act on
the ball at its lowest point, and in which direction?

The magnetic force exerted on the ball can be determined by B = qv X B, where q
is positive, v is to the left, and B is into paper, so the magnetic force should be
downward. Besides, the ball experiences gravity downward and the rope tension
upward.

Great! The resultant force provides the required centripetal force to swing. At the

2
lowest point, the centripetal force is upward. So, using T — mg — quB = mvT, we

2
get T = mvT + mg + quB after rearranging the terms. Therefore, option (D) is

correct. Now, let’s move on to option (E).

Teacher, the magnitude of the magnetic force on the ball depends on its speed, but
when it swings to the highest point, it has no speed. So, which moment is not
affected by magnetic force, right?

Excellent! Therefore, the magnetic force isn’t constant during the swing, making

option (E) incorrect. In conclusion, the correct answers are (B) and (D).

Bt > BRI e ot/ NERAE R ZE SRR B P 2 Bt T > A2/ NBREE SR AR R T
S (BT 2R 17715 > #ATLUEM B = qv x B > LUG THEfFOMEA S
fr o SRR/ KT Z AL - HREVEE SR

JFACE BT AN R 3 05 R R NERE T [ B R A RS
W H GRS R SAH T - NI RE E e T IRHY - 1B H0, LUK 6 fERZ I
[E]HY

23t > FTEAA)EETRUE SEERAY - 1 (B)BEUE e -

AETT— BBl ?
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Electromagnetic Induction
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\Electromagnetic Induction and Induced Current
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[ o do/does not necessarily require . }

4 : The generation of induced current does not necessarily require actual relative motion

between the magnetic rod and the coil; it only requires a change in the magnetic field lines

inside the coil.
FEERAVEEA: » N —1E 75 B R B4R P EL TE S AH S A - (£ TR 4R N 4R B8 4
1L -

{ ® The change in . J

#14) « The change in magnetic field lines through a closed coil would result in induced current.

BIFASRE T HI IR - SR

[ ©® The more/-er , the more/-er . }

4 : The faster the number of magnetic field lines through the coil changes with time, the

greater the induced current will be.

SR LTI R B H B T Bl - RN -

BEER w

EE A% - 2AEERLITE S
At the end of learning the chapter, students are able to acquire the following concept:
— el A L R REE
Understand Faraday’s Law of electromagnetic induction.
=~ PR R SR EER R A AR 5
Understand the relationship between the change rate of the magnetic field and the induced

currents.
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Be familiar with the factors resulting in induced currents in Faraday’s Law of

electromagnetic induction.

During a demonstration experiment on “electromagnetic induction,” a student first connects a
small coil with an iron core to a direct current power supply to form a circuit in order to generate
a magnetic field. Then, they use a larger coil connected only to an ammeter, wrapped around
the outside of the small coil, to detect induced current. Which of the following operations is

impossible to produce induced current?

(A) Shifting the small coil inside and outside of the large coil.

(B) Adjusting the voltage of the power supply abruptly.

(C) Alternating the positive and negative ends of the power supply connecting to the small coil.

(D) Connecting a switch within the circuit of the small coil and alternately opening and closing
it.

(E) Connecting a switch within the circuit of the large coil and alternately opening and

closing it.

FAEA T ERIRE ) HRERE R - S B LY NSRS B AR RS - TP
EpE AZE AR RS PR — (8 A SR REma THU R SR IS B/ NR BB NE R IR » T
SR — IR RT3 > A I RE AR NE R 2

(A) B/ INREHEARLRE SRR -

(B) JRFERIR BLIE RS Y EE R RO R/ N -

(C) JRIERJF L e 25 H T B i S A e N AR B A s

(D) A/ INGREEIH A S o 55 2B R M SO R B EL R i A B F -

(E) FEALRREHTAEES o 55 2B BRI SR M bA EL e B fF -
(108 ELHIEZR 6)
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Teacher: According to Faraday’s law of electromagnetic induction, how does a large coil
generate induced current?
Student: There needs to be a change in the magnetic field inside the large coil.
Teacher: True, in a thorough way, there should be a change of magnetic field lines! Connect
the small coil to a DC power supply, and it can become an electromagnet. Let’s have
a student draw the magnetic field lines.
=S4

Student:

g

mdl

L

Teacher:

f,
2
X

1 |

1buu I

Based on the diagram, for Option (A), can shifting the small coil inside and outside

<.
Yed

of the large coil alter the magnetic field inside the large coil?

Student: Yes!

Teacher: That’s correct. And what about Option (B)?

Student: It also works.

Teacher: Why can adjusting the voltage of the power supply produce a changing magnetic
field?

Student: It’s so strange. Changing the electric current can change the magnitude of the
magnetic field. So, why is it related to voltage? Could it be that voltage can affect
the quantity of electricity?

Teacher: You got the key point. Changing voltage can change the current in the small coil,
and consequently, the generated magnetic field also changes. For option (C), what
happens if we alternate the positive and negative ends of the power supply connected
to the small coil?

Student: The direction of the current will change, and thus result in the alternation of the
magnetic field directions.

Teacher: Yes. Option (D): Connect a switch in series with the loop of the small coil and

alternate between opening and closing it. Like this:

= B AMREERE TR FRPEERE



OV BT EFRT 2 ERKT oo IFFCEFREFT

_\*._S alN .
e

+ =
"'I P9
When the circuit is connected, current flows through; otherwise, there is no current
through the coil. Do you think this can change the magnetic field?
Student: Yes. Initially, when there’s current flowing through the small coil, it generates a

magnetic field. Without current flowing, there's no magnetic field. Repeatedly

operating the switch can create a changing magnetic field.
Teacher: Very good. Option (E): Connect a switch to the large coil and alternate between on
and off. Like this:

Nl 5o
”/'J. oo O

“Lo-

Will this change the magnetic field inside the large coil?

Student: No, it won’t. Therefore, the condition in option (E) won’t induce any current.
Teacher: Excellent, since there is no electric power in the large coil, no reaction occurs if we

turn the switch on and off.
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Be familiar with the Law of electromagnetic induction, and differentiate between the

magnetic effect of current (Ampere’s Law) and electromagnetic induction.

Several students investigated the impact of magnetic fields on brain neural tissue and clinical
medical applications. According to information on a website, they knew that metal coils are
capable of carrying high currents. The coils are placed a few centimeters above the head and

subjected to a pulsed current of approximately one kilo-ampere, lasting for a few milliseconds,

as illustrated in the diagram (where the pulse current is represented by I —

and the pulse duration by At). —
I

The current passing through the coil generates an instantaneous high- Al

intensity pulse magnetic field and currents in specific brain regions,
stimulating the cranial nerve. Which of the following discussions by the

students is more reasonable?

(A) Student A: Pulsed current I flowing through the coil will generate a high-intensity magnetic

field. This is because of electromagnetic induction.

(B) Student B: The pulsed magnetic field generated by the pulsed current I in the coil will result
in an induced electric field in the surrounding space. This is because of the magnetic effect

of the current (Ampere’s Law).

(C) Student C: If the pulsed current becomes a steady direct current, it can continuously

stimulate the cranial nerve.

(D) Student D: The magnetic field in certain brain parts stays the same after the pulsed current

passes through the coil for a certain period.

(E) Student E: If the maximum intensity of the pulsed current remains the same but the
duration of the pulsed current At is shortened, the induced electric field and current

in the brain will increase.
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Student: Teacher, what is pulse current?
Teacher: Look in the top left corner of the picture,
1 | T
At
the current was initially zero, but within a short period of time (At), there’s a sudden
appearance of a high peak of current, we call it a pulse current.
Student: Got it!

Teacher: The question states: “Passing current through a coil generates an instantaneous high-

intensity pulse magnetic field.” What principle is this?
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Student: It’s the magnetic effect of current.

Teacher: Very good, the effect is also known as “Ampere’s Law”, that is the effect of
electricity produces magnetism. Now the question says: “The magnetic field passing
through the skull generates a corresponding electric field and electric current in
specific areas of the brain.” What principle is this?

Student: Is it still the magnetic effect of electric current?

Teacher: The magnetic effect of current states that when electric current flows through a
conductor, it generates a magnetic field around the conductor. But for the magnetic
field to induce electric field and electric current, what conditions are required?"

Student: I don’t know.

Teacher: Only changing the magnetic field over time can induce electric current! What do we
call this phenomenon?

Student: Oh! Electromagnetic induction.

Teacher: That’s right, the effect of magnetism induces electricity. Let’s take a look at options
(A) and (B) first.

Student: I see. So neither option (A) nor option (B) is correct.

Teacher: Exactly! Who can tell how to correct option (A)?

Student: “Pulse electric current (I) flowing through a coil will generate magnetic field” is due
to the magnetic effect of current (Ampere’s Law), not electromagnetic induction.

Teacher: Very good. And what about option (B)?

Student: “The pulse magnetic field generated by pulse current I in the coil will then create an
induced electric field in the surrounding space” is electromagnetic induction, not the
magnetic effect of electric current (Ampere’s Law).

Teacher: Excellent! Now, as option (C) suggests, if we replace pulse current with steady direct
current, can it still induce electric field and current in the brain?

Student: I think it can!

Teacher: Direct current produces a steady magnetic field. Can a steady, unchanging magnetic
field induce electric current through electromagnetic induction?

Student: Ah! No!

Teacher: That’s right. A steady magnetic field cannot induce an electric field around the coil,
thus it cannot have any effect on brain nerves. Do you think option (D) is correct?

Student: No, because pulse electric current only has current for that one instant.

A
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Teacher: Very good. After the pulse current passes through, it won’t generate a magnetic field

anymore, so the magnetic flux through the specific area of the brain becomes zero.
Option (E) states: “Changing the pulse current time At will enhance the induced
electric field and electric current.” Is this correct? Why?

Student: Yes, it’s correct. The faster the magnetic field changes over time, the larger the
induced electric current occurs.

Teacher: Excellent!
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Lenz’s Law
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clockwise NEEF &1 77 1) oppose EHT
magnet s conservation of energy BEE=SFIA
induced electromotive force | fEEEHZS
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[ O Adhering to , . }

fil4) : Adhering to the principle of conservation of energy, the directions of a magnetic field
generated by induced current always opposed the change in the magnetic field lines.
R T AESFReESFINRA] > BUEERATE EAVNEES T 1A > 48 BRI 4R B B T 1A
TR -

be transferred from . 1

()
®

#4] : In experiments regarding Lenz's Law, the generated electrical energy may be transferred

from the reduced kinetic energy of the magnetic rod.
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At the end of learning the chapter, students are able to acquire the following concept:
— TR TOERAIIER] -
Understand the mechanism of Lenz’s law.
T BRI E R R A TER] > IEREHE RUE R o
Can accurately distinguish the direction of the induced current based on Lenz’s law and
Ampere’s right-hand rule.
» B2 TR R e B NP IR ARG R -

Understand Lenz’s law as a necessary consequence of energy conservation.

[1]
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Understand Lenz’s Law and the Law of Electromagnetic Induction, and analyze the

conditions and directions for inducing current.

Commonly used chip cards contain built-in coils, as shown in the bottom half of the figure.

The left arrow indicates the direction of the induced current flow I, > 0. The top half of the
figure represents the reader coil, with the right arrow indicating the direction of the current flow
I; > 0 during operation. When [; > 0, the magnetic field generated by the coil is illustrated
by the dashed lines. When the chip card coil is close to the reader coil, the magnetic field
generated by the current I; will cause changes in the induced current I,, letting the chip
transmit information. When both coils are stationary and I, = 0, how should the current I; in

the card reader coil generate an induced current I, > 0 as shown in the diagram? (Select 2

options)
(A) I; > 0 and remains constant. / : RS
(B) I; > 0 and increases gradually.

B RN 8.

(C) I; < 0 and increases gradually. :

J5)
(D) I; <0 and remains constant. M

(E) I; < 0 and decreases gradually.

RS R R ANRERE - AUREEEY MR > RS URIEER I, >0 /Y
LI o Ay R Rl R - RARTIMURER L > 0 BHERAE - & L > 0 FR
Rl EE A YRS - AIREERFT/R © &5 RERBEREIT-RIGRRER - R L LRSS
AFEEE I, HYZEE) > BEEhat 5 SRS - BWARESE RAFIEE L =0 B AlERA £
SEELEER L > 0 JFEAVEER - AEEFRGQREIVER L EOM? (2 15)

(A) I >0 FUERFEMH - Lo s
(B) 1; >0 ELWi -

(C) I, <0 Hjhy - etk e

(D) I, <0 F4ERFE -
(E) I; <0 B - K A

(111 2HEA6)
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Teacher:

Student:

Teacher:

Student:
Teacher:
Student:

Teacher:

Student:

Teacher:
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Teacher:

Student:
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The current I; in the card reader coil can generate a magnetic field. How can the
magnetic field let the coil on the chip form a current?

The magnetic field needs to change over time.

Excellent! This phenomenon is called “electromagnetic induction”. Among these
options, which ones can cause the magnetic field to change over time?

Options (B), (C), and (E).

Great. So, can we choose all of these three options?

Yes.

Let’s think again. Take a look at the direction of the current I,. What kind of
magnetic field will this current produce?

The current I, will produce an upward magnetic field.

Very good, the determination of magnetic field from electric current is based on
Ampere’s Right Hand Rule. Now, from Lenz’s law, the magnetic field generated by
the induced current opposes the direction of the changing magnetic field. How will
the magnetic field change?

The magnetic field will gradually increase downward.

That’s right. Option (C) indicates I; < 0, meaning that the current is
counterclockwise when viewed from above. It will generate an upward magnetic
field.

Oh! Then, to oppose the increasing upward magnetic field, the coil on the chip will
produce a downward magnetic field. So the induced current 1, < 0.

Excellent! In sum, to answer this problem, we need to combine the concepts of
Lenz’s Law (magnetism produces electricity) and Ampere’s Law (electricity

produces magnetism).
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Determine the direction of induced current through Lenz’s Law and electromagnetic

induction.

A long magnetic rod hangs from a cotton thread to form a pendulum. As Diagram 3 shows,
below the pendulum, there’s a circular wire with current flowing in the direction of the arrow.
At time t=0, the pendulum is released from its position and swings back and forth.

If the pendulum’s motion is considered periodic with period T, which graph best represents the
relationship between the current i in the wire and time t during one complete cycle of the
pendulum’s motion? E

—AHRMEEE R ARG NP EELAE - A LAY IE T T E P
LR WE 3 AR > FiBEATR T RN AR EERAYIE TS - ERFHE t
= BERE N NERYALE B A (LR B S - o5 I B RSl =]
Ry E A > HAERA S T Ny A& i il RE R naZ B4R EAYEET 1 24
IRefe] ¢ (E BRI — N HRA (A 7 E
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Teacher: Let’s think about it. When the magnetic bar is at the endpoint versus the midpoint,
will there be more magnetic lines passing through the coil?

Student: Hmm... When the magnetic bar is at the midpoint, there will be more magnetic lines
passing through the coil compared to when it’s at the endpoint.

Teacher: That’s right. Therefore, as the magnetic bar swings from the right endpoint to the
midpoint, the number of magnetic lines of the coil will increase. According to
Lenz’s law, how will the direction of the induced current in the coil?

Student: The coil experiences an increasing downward magnetic field, so the direction of the
magnetic field produced by the induced current should be upward. Then, based on
Ampere’s right-hand rule, we know that as the magnetic bar swings from the right
endpoint swings to the midpoint, the direction of the induced current is
counterclockwise.

Teacher: Great. As shown in Diagram 3, we define counterclockwise current as positive.
Similarly, when the magnetic bar swings from the midpoint to the left endpoint,

how will the magnetic field received by the coil and the direction of the induced

current change?
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Student: 1 know! As the magnetic bar swings from the midpoint to the left endpoint, the
downward magnetic field that the coil receives decreases. To compensate for the
decreasing downward magnetic field, the direction of the induced current changes
to a clockwise, or negative direction.

Teacher: Very good. But, we haven’t come to an end. We’re only halfway through the cycle.
Next, when the magnetic bar swings from the left endpoint to the midpoint, how
will the direction of the induced current change?

Student: Just like at the beginning, the induced current opposes the increasing downward
magnetic field, producing an upward magnetic field, so the current direction is
positive.

Teacher: Yes. Finally, what will be the direction of the induced current as the magnetic bar
swings from the midpoint to the right endpoint?

Student: The direction of the induced current will become negative, so the answer is option
(E).

Teacher: Exactly!
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3-3 FNFEHREER
Faraday’s Law of Electromagnetic Induction

KB E E BN E R NIRE 5 ¢ WIS E R LR AR m SRR - AL
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B¥F thEE B¥F thiE
magnetic flux WgiE = induced emf [EEEE)ZA
normal P[]0 electromotive force, emf | EE&fjEL
area vector [HITE A& electromagnetic induction | B8z /K&
Weber E=Y(5] series =Sl
Tesla e Faraday’s Law AR E
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[ o the product of . }

4] : The magnetic flux is defined as the product of the magnetic field and the projected area
in the direction of the magnetic field.

WEEEER Ry - WSS E AL )T [ fAE Y RA -

[ (2] connected in series . }

#1457 : When the total number of turns of the coil is N, the total emf is equivalent to N times of

single turn coil connected in series, which is N times that of each single turn.

B AREETEOR N B Y N (R - A B s R B N

[ © can induce . }

#i4) : Changing magnetic field can induce current in a nearby coil.
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At the end of learning the chapter, students are able to acquire the following concept:
— ~ TEEEN S EIREE R -
Understand Faraday’s Law of electromagnetic induction.
= HfRME R N EEEFES -

Understand the definition of magnetic flux and induced emf.
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Be familiar with Lenz’s Law and the applications of induced emf.

As shown in the diagram below, the magnetic field is perpendicular to the paper, increasing the
magnetic flux through the square loop ABCD steadily at a rate of 1.0 T-m?/s. The resistances of
segments AB and CD are respectively 0.6 kQ and 0.4 kQ. Voltmeters Vi and V2 are connected
with their positive terminals at points A and D, and their negative terminals at points B and C.
The measured voltage values are Vi and V,. Assuming the magnetic field generated by the
current I in the loop and the current passing through the voltmeters can be ignored, which of the

following equations might be correct?

(A1 = 1mA
_ D 1 A
B)I = TpA +|r ------- x x x x| -:+
(C) Vl = V2 =06V @ 0 4kQ X X %X X% 0 6kQ @
MV =—-06V,V2 = 04V — X x x % -
(E)Vi = 0.6V,V2=04V b oo el J
C I B

W T BT W5 EE B e AR (A8 1 72 48R ABCD HYRGE & T8 E DL 1.0 T-m?/s
FRRFE 2 LR 0 - AB EZBE CD EZfYEEFH 7 )51 Ry 0.6 kQ B 0.4 kQ  RERFFET Vi B Vo /Y
TEM (+) 73R A~ D BE - &k (—) HIFEE] B ~ C & HHSHYERE IR Vi
BV, o [REEES ERESEIT | FE A AL B R AR (R s TR BRI A 2208 BTN S18ETE e
EERR (R 2\ i RE 2 (AR 7
(A1 = 1 mA
(B)I = 1pA +T
(CO)Vi=V2=06V @ 0.4kQ 0.6kQ @
D) Vi =—-0.6V,V2 = 04V | .
(E)Vi =0.6V,V, = 04V C 1 B

(111 3R 14)
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As the magnetic field pointing into the paper continuously increases, what should
be the direction of the induced current in the coil?

To oppose the increasing magnetic field pointing into the paper, the magnetic field
generated by the induced current in the coil should be pointing outwards of the
paper. According to Ampere’s Right-Hand Rule, the direction of the induced current
in the coil should be counterclockwise.

Very good. We already know that the potential at the entry point of the resistor is
higher than that at the exit point. So, what can we infer about the positive and
negative relationship between V; and V,?

It should be V; < 0 and V, > 0.

That’s right. Before determining the magnitude of the induced current, we need to
know the magnitude of the induced electromotive force generated by the magnetic
field. Which physical principle should we adopt?

The induced electromotive force generated by the magnetic field is equal to
_|_29| _
e=|-22=10v.

That’s right, this is based on Faraday’s Law. After calculating the induced
electromotive force, we can use Ohm’s Law to determine the magnitude of the
induced current in the coil.

It’s easy. The induced current in the coil is [ = =1 _—1.0mA
R 04+0.6

Correct! With the current and resistance values, we can calculate the values of V;
and V5.

Tgotit! i = —1X06=—06 V gq V, =1X04=04 V

Therefore, options (A) and (D) are correct.

Correct!

Al > B ASRIAHYHES RGN - AR el o B R BR AT T 1R FE A T W 2
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R 0.4+0.6

98 - T BB - BT LSRRI T -
s |
V=—1X06=—06V, qV =1X04=04 V , pEp(A)FID)EEETER -
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Analyze the physical variables when adopting Faraday’s Law of electromagnetic

induction.

An electromagnetic flowmeter can measure the flow rate of a conducting fluid (volume passing
through per unit of time). It is commonly used for measuring blood flow in vessels.

Shown in the diagram below, it comprises a coil producing a magnetic field and two electrodes
for measuring electromotive force. It can be installed externally to measure fluid flow in pipelines.
Let V represent the flow rate, B represents the magnetic field generated by the electromagnetic
coil, and D represents the diameter of the pipe. If the directions of magnetic field B, flow rate V,
and electrode connections for measuring induced electromotive force are mutually perpendicular,

then the induced electromotive force measured will be proportional to which equation?

B AR R TR PP RS Y 3
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Teacher: We’ve mentioned that induced electromotive force equals the rate of change of
magnetic flux @ with respect to time t within the coil. Do you remember how to

express the formula for induced emf?

A

Student: Yes,it’s € = =N Ve

Teacher: Excellent. Since we have learned that magnetic flux ¢ =27

, how can we rewrite the formula for induced emf?

. AZ2)

Student: It can be written as € = —N i—t’*

Teacher: That's correct. Since the question asks which factors are directly proportional to
induced emf, we can approach it from the perspective of units. If we let the unit of
magnetic field be T, length be m, and time be s, what can we infer about the unit of

induced emf?

Student: Um... It should be TTmz

Teacher: Exactly. The magnetic field is written in the numerator. So, which options can we

eliminate?
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Student:

Teacher:

Student:

Teacher:

Student:

Teacher:
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Options (B) and (C) have magnetic field in the denominator, so we can eliminate
(B) and (C).

Great. Let’s consider option (A) next. How can we express its unit?

The unit of velocity V is ?, so the unit of option (A) is Tﬁm =T - s. Therefore,

option (A) doesn’t fit.
That’s correct. What about options (D) and (E)?

The unit of option (D) is m/s !

= g, and the unit of option (E)is m/s-m-T =

T-m? . .
— Therefore, option (E) is correct.

That’s right.

B0 - EEEEENIEE AR © BN ( LR BRI EET)
SN EIEFRIE ?
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fiar - MBI E ¢ =- - FILAPUEIESUR IEEBEARY A3k 2
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\ Applications of Electromagnetic Induction
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B¥F thiE EF thiE
electric generator SEER slip ring EFEIR
alternating current IR power plant SEEE
mechanical energy JIE2RE transformer SR e
electrical energy BEAE primary coil F 4R
alternating current generator | 3/t 25 ER A% secondary coil EIEE

BYRREBETRET R FPRAPEFTREF



98

[ o once every . }

4] : In an AC generator, the direction of the current in the coil changes once every half rotation.

At B VAR BN R FRL g R K

[ ® Thus, . }

4] : DC power cannot cause a change in the magnetic field. Thus, the transformer cannot work

if we adopt a DC power supply.
L BB R A A A S A A o ERLEE » A SR B A B BRI > SRR SR L A R A

[ © 1In order to . }

4] : In order to reduce heat loss, electric power transmission is carried out at low current and

high voltage.
Ryl VEMERE - A& A B (BRI = EE B A T (e

0 I EEKEFL Y
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At the end of learning the chapter, students are able to acquire the following concept:
— TSR BRI AR A -

Understand the mechanism of producing alternating current.

o S SR R A B R [

Understand the structure and the working principles of electric generators.
= - BffSRERER N TR R R B

Understand the working principles and features of transformers.

o BIEER o8
BlRE—

O ¢ PR ER LR E S PR R

Be familiar with the principles of electromagnetic induction and transformers.

As shown in the diagram, there is an ideal transformer with a primary coil and a secondary coil
with a turn ratio of 2:1. The primary coil is connected to a track with zero resistance, and a metal
rod PQ can slide along the track to form a loop. Where the loop is located, there is a uniform
magnetic field of 0.50 T perpendicular to the paper. The metal rod PQ has a length of 20 cm and
a resistance of 0.40 Q. The secondary coil is connected to a 10 Q resistor, and other resistances
can be ignored. If the metal rod slides along the track at a constant velocity of 2.0 m/s due to an

external force, which statements below are correct?

(A) The direction of the induced current in the primary coil loop is counterclockwise.
(B) The induced current in the primary coil is 0.50 A.

(C) The induced electromotive force in the secondary coil is 1.0 V.

(D) The induced current in the secondary coil is 0.10 A.

(E) The electrical power consumed by the secondary coil is 0.
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W NEFTR - A— 4R SE AR MR L Ry 2« 1 AR IR RS » T AR/ ME—4H = K
THYHE - e PQ A EHE FIFTTERGEES - R e 0.50 T FEH#E AN
.25 e PQ HURE R 20 em ~ EEH R 0.40 Q - BILGREISME 10 Q AY=ETH
HerHy R A 20 o BB BN ZINIMERE LR v = 2.0 m/s FHRFEETTHI >
AT FRCICHAR L 4 2

(A) EEREEERAYIERTTT R Ry o -

X XPX X X e,

(B) E4EHHMEE 1= 0.50A - X x]x X Xé” 00
(C) B4R EEEZ R 1.0V - X xfPx x xu :
Vo201
(D) B4R b IEET 1=0.10A - x x2x  x x b
(E) BISGEINFHEIIR P=0 -
(104 1575 23 )

Teacher: How can we know the direction of the current in the primary coil loop?

Student: Hmm... I’'m not sure.

Teacher: Let’s start by looking at the change in the magnetic field. When the metal rod moves
to the right, how does the magnetic flux through the loop area change?

Student: When the metal rod moves to the right, the loop area decreases, causing the
magnetic field lines entering the page to decrease.

Teacher: Correct. Do you remember Faraday’s law? When the magnetic field lines entering
the page decreases, what kind of induced current will be produced?

Student: An induced current will be generated to compensate for the decreasing magnetic
field lines entering the page. So, according to the right-hand rule, the direction of
the induced current in the loop should be clockwise.

Teacher: Yes. So, what should be the magnitude of the induced current in the primary coil?
Let’s first calculate the induced electromotive force in the primary coil.

Student: The induced electromotive force in the primary coil is equal to € = lvB =

&

0.2 X 2% 0.5 = 0.2V. Therefore, the induced current in the primary coilis [ = — =

92 _ 0.5 A.

0.4

Teacher: Great. Now, what would be the induced electromotive force in the secondary coil?
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Student: The turn ratio of the transformer’s primary coil to its secondary coil is 2:1, so the
ratio of the induced electromotive force between the primary and secondary coils is
also 2:1. Therefore, the induced electromotive force in the secondary coil is 0.1 V.

Teacher: No, that’s incorrect. Let’s think back. Is the power source connected to the
transformer's direct current or alternating current?

Student: It’s an alternating current.

Teacher: That’s right. Now, take a closer look. Is the current in the primary coil direct current
or alternating current?

Student: Oh! It’s direct current, so this transformer won’t function, right?

Teacher: Yes. So, what would be the induced electromotive force, induced current, and
electrical power in the secondary coil?

Student: They would all be zero.

Teacher: Correct!

RN BRI AR AR AV ERR RS e 2
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Can correctly apply Faraday’s Law of electromagnetic induction to daily life technology.

High-speed trains commonly employ magnetic braking systems. The working principle of a
magnetic brake can be summarized as follows: By bringing the N pole of a magnet close to a
circular aluminum disk rotating counterclockwise, magnetic force lines vertically point into the
aluminum disk (represented by ), causing it to decelerate, as shown in the diagram. In the
diagram, the area labeled “FH” on the left aluminum disk (dashed line area) moves toward the
magnet, while the area labeled “/Z.” on the right aluminum disk (dashed line area) moves away
from the magnet. Which of the following statements about the aluminum disk magnetic brake

are correct? A means FH, B means /.

(A) Theinduced current in the region “A” of the aluminum disk will produce an induced
magnetic field penetrating out of the plane of the paper.

(B) The induced current in the region “B” of the aluminum disk will produce an induced
magnetic field penetrating out of the plane of the paper.

(C) The interaction between the magnetic field and the induced current will generate a
net torque that slows down the rotation of the aluminum disk.

(D) The heat generated by the induced current in the aluminum disk is the primary reason for
slowing down the disk.

(E) If the solid aluminum disk is replaced with a disk filled with small cavities, the magnetic

brake effect on the cavity-filled disk will be the same as on the solid disk.

100 BB BB ERRE TR FRPEFRE
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Teacher: If the aluminum disk rotates counterclockwise, how would the perceived magnetic
field change for regions A and B?

Student: For region A, there’s an increase in the magnetic field entering the aluminum disk.
For region B, there’s a decrease in the magnetic field entering the aluminum disk.

Teacher: Yes, so according to Lenz’s law, what direction of the magnetic field would be
generated by the induced currents in regions A and B?

Student: The induced current in region FH would produce a magnetic field opposing the
increased magnetic field entering the aluminum disk. The induced current in region
B would produce a magnetic field entering the aluminum disk to compensate for
the decreased magnetic field.

Teacher: Correct. Now, for options (C) and (D), think about whether the reason for the
aluminum disk slowing down is the interaction of the magnetic field and induced

current or the thermal energy generated by the induced current.

Student: It should be the interaction of the magnetic field and induced current, right?
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Teacher: Yes. The aluminum disk slows down due to the resistive magnetic force, which
force appears due to the existence of the induced electric current of the aluminum
disk and the external magnetic field (Fg=ILB). The interaction of the magnetic field
and induced current creates a net torque that slows down the aluminum disk’s
rotation. Now, if we replace the solid aluminum disk with one filled with small
holes, would the slowing-down effect change?

Student: Hmm... I’'m not sure.

Teacher: Only the metallic parts would generate induced currents, and the aluminum disk
filled with small holes has a smaller metallic surface area.

Student: Oh, I see. So, the aluminum disk filled with small holes would generate smaller
induced currents, leading to a weaker slowing-down effect.

Teacher: Exactly.

LN RIS - WINF RIS - B2 BIRINES S A R E ?
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\ Electromagnetic Waves
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[ (1) over time . }

4] © A magnetic field that changes over time can generate an electric field.

VR LAV R E AR B -

[ ® Besides . . }

##4] - Besides plane waves, electromagnetic waves can also be spherical waves or cylindrical

waves.

R 7PN - FERLR ] DU BRIANY S EIRE Y -

[ © be perpendicular to . }

4] - If the direction of polarization of linearly polarized light is perpendicular to the

transmission axis of the polarizer, then it will be unable to pass through this polarizer.

RGO RIR T MRk R (BN EEE - AR FEOUEEE B RRA -

o BEEHE »

TEEEE AR ITE - BAEERLITER
At the end of learning the chapter, students are able to acquire the following concept:
— T EENLR PR EME -
Understand the formation and the features of electromagnetic waves.
T~ RERRARNG RIS B R -
Understand and identify the electromagnetic spectrum.
ek BB LR Y R

Understand the polarization of electromagnetic waves.

’
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Be familiar with the electromagnetic spectrum and correctly reason the relation between

temperature and wavelength from the measurement of ear thermometers.

Our eardrums emit electromagnetic waves due to thermal radiation, and an ear thermometer

detects the highest intensity wave with a wavelength of Ay to determine body temperature.

When the ear temperature is 308.1 K, the measured wavelength is 9404.5 nanometers, and

when the ear temperature is 310.1 K, the measured wavelength is 9343.9 nanometers. Which

statements are correct?

(A) The electromagnetic waves detected by the ear thermometer from the eardrum
mainly fall within the infrared range.

(B) The ear thermometer determines temperature based on the relationship between
wavelength An and absolute temperature.

(C) If the temperature is higher, the frequency of the electromagnetic waves corresponding to
Am will be lower.

(D) If the ear thermometer measures a wavelength An of 9300 nanometers, the corresponding
ear temperature is 300 K.

(E) If the ear thermometer measures a wavelength Am of 9353 nanometers, the individual

being measured does not have a fever above 38°C.

H R BN a2 L RN - R AT (AR T oR e iR ~ R hn B - SEATFIR
& hn BLEDRREIHIRABACHERR - EAIEIR 308.1 K B > IS & Am Fy 9404.5 28
oK THEE 310.1 K RpHHSHYR & Ry 9343.9 770K > AN FIRCIIHREE TEE 7
(A) EORBATHIGR B R EBHIE ETRAELLIMERE -
(B) Homba @A R A SR 0 R IE EEARA (oM
(C) E RS - RIBER Am By BRI SFASRE AR -
(D) EHIRIEAGHT R A By 9300 270K - AITSHERYHE K 300K -
(B) EEIRENHSHIR R dm By 9353 50K » RIBCHIZAREE 38°C HYSFBEASE -
(107 $55 75 24)
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Teacher: According to the electromagnetic spectrum, what range of light does the
temperature gun measure fall into?

Student: The wavelength range of infrared light is approximately between 760 nm and 10°
nm, so the electromagnetic waves measured by the temperature gun mainly fall
within the range of infrared light.

Teacher: That's right. So, based on the statements of the problem, what relationship can we
summarize between the temperature and the thermal radiation wavelength?

Student: Hmm... When the temperature is lower, the measured wavelength is longer. When
the temperature is higher, the measured wavelength is shorter. So temperature and
wavelength are inversely proportional.

Teacher: Exactly, so we can also infer that, as temperature increases, how will the frequency
change? Let’s think about the relationship between wavelength and frequency first.

Student: Wavelength and frequency are also inversely proportional, so as the temperature
increases, the wavelength becomes shorter, and the frequency becomes higher.

Teacher: Great, since the speed of the electromagnetic wave of the thermal radiation is always
the speed of light, the wavelength is inversely proportional to the frequency. Next,
let’s try to determine if the scenarios described in options (D) and (E) are correct.

Student: It’s easy! For option (D), the wavelength of 9300 nanometers is less than the
wavelength of 9343.9 nanometers measured at a temperature of 310.1 K, so the
temperature corresponding to a wavelength of 9300 nanometers will be higher than
310.1 K.

Teacher: That’s correct. Now for option (E), do you remember how to convert Celsius
temperature to Kelvin temperature?

Student: Yes. If the ear temperature is 38°C, which is 273 + 38 = 311 K, then its
corresponding wavelength will be less than the wavelength at 310.1 K, which is
9343.9 nanometers. So, we can tell that the wavelength of 9353 nanometers in
option (E) corresponds to a temperature lower than 38°C.

Teacher: Correct! The wavelength of an object’s radiation is inversely proportional to its

temperature, and the temperature needs to be Kelvin scale. This relation is called

Wien’s Displacement Law.
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Understand the formation and characteristics of electromagnetic waves.

Which of the following statements about electromagnetic waves is correct?

(A) Electromagnetic waves are longitudinal waves.

(B) Visible light is an electromagnetic wave that propagates at the same speed in a vacuum and

a medium.

(C) Electromagnetic waves, like mechanical waves, exhibit phenomena such as reflection,

refraction, interference, and diffraction.

(D) Electromagnetic waves with the same intensity but with higher frequencies propagate faster

in a vacuum.

(E) Whenever there are both electric and magnetic fields, they would interact with each other

and produce electromagnetic waves.

NHRBH Y BRI AARCE - {m] 2 TEAE 7
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Teacher:

Student:

Teacher:

Student:

Teacher:

(112 73R 2)

Look at option (E) first. As we mentioned earlier, what are the requirements for
forming electromagnetic waves?

There must be changing electric or magnetic fields over time, interacting with each
other, to form electromagnetic waves.

That’s right. So even if electric and magnetic fields exist simultaneously, if neither
of them doesn’t change over time, electromagnetic waves won't be generated.

I understand now, so option (E) is incorrect.

Very good. Let’s move on to option (A). Do you still remember the difference

between transverse and longitudinal waves?
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Student: It’s easy. In a transverse wave, the medium vibrates perpendicular to the direction
of wave propagation, while in a longitudinal wave, the medium vibrates parallel to
the direction of wave propagation.

Teacher: Excellent. Now, think about the direction of variation and propagation of
electromagnetic waves. Are electromagnetic waves transverse or longitudinal
waves?

Student: Iknow! The propagation direction of electromagnetic waves is perpendicular to the
direction of variation of electric and magnetic fields, so electromagnetic waves are
transverse waves.

Teacher: That’s right. So for option (C), do electromagnetic waves, like mechanical waves,
exhibit phenomena such as reflection, refraction, interference, and diffraction?

Student: Yes. Electromagnetic waves also have these characteristics, so option (C) is correct.

Teacher: Great. As we’ve discussed, electromagnetic waves include microwaves, infrared,
visible light, ultraviolet, and so on, so is option (B) correct?

Student: No, though visible light is an electromagnetic wave, its propagation speed differs in
a vacuum and a medium. The propagation speed in a vacuum is faster than in a
medium.

Teacher: Very good. So, does the frequency of electromagnetic waves affect their
propagation speed in a vacuum?

Student: No, the propagation speed of electromagnetic waves for any frequency in a vacuum

. L 8 : .
remains the same, which is 3 X 107 m/s ¢ option (D) is incorrect.

Teacher: Exactly!
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Interactive Simulations, University of Colorado Boulder
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