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Electric fields and Coulomb’s law
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“PhET charges and fields simulation”

https://phet.colorado.edu/sims/html/charges-and-fields/latest/charges-and-fields_en.html

.
. (1 nC) .

(V) .
(r)

. .
. - .

V (V) r (cm)

: -



- 1

r
. -

(y) V (V)

.(x)
1

r

V = 
Q

4
0 
r (r) (V)



 

.(
0
)

0
 = F m

–1



g = 9.81 N kg
–1

e = 1.60 × 10
–19

 C

(1.0 × 10
–6

 kg) -
(2500 N C

–1
) (–4.5 × 10

–9
 C)

-
Q

-

20 cm

+

+
+

+
+ 6.0 kV

+

−
−
−

−
−

-

Define



 

(2.0 × 10
7
 m s

–1
)

-
(5.0 cm) PQ Q P

.(9.11 × 10
–31

 kg)

-

P Q

5.0 cm

.Q

e = – 1.6 × 10
–19

 C

.(1.4 × 10
–10

 m) +6e



(+2.0 kV) (8.0 cm)

.(0 V)

-

AB

0 V

C

+2.0 kV

e

(e = –1.6 × 10
–19

 C)

ABC

(AB = 4.0 cm) ABC

( BC = 5.0 cm)

.(8.0 cm)



 

-
.(250 kV)

-

+245 kV

+240 kV

+235 kV+250 kV

(8.0 mm) (245 kV)

 E  = 
∆V
∆d



-
I = Anvq Q= I tt -

.V =
W
Q

-
.R =R

A
-
-
-
-
-
-
-
-

Q = ItII

V =V IRII

E = E QV

E =E VIVV tII

I Anvq

R =R A



 

 I
in
 =  I

out

 =  IR

R
T
 = R

1
 + R

2 
+ R

3
 +...

1

 R
T

 = 

1

 R
1

 + 

1

 R
2

 + 

1

 R
3

 +...

r = 
 – V
I

 = I(R + r)

V
out

 = ( 
R

2

R
1
 + R

2

 ) × V
out

1

2

1

2



.   
................................................................................   

 
................................................................................   

A s

V A
–1

J C
–1

 

J s
–1

 

................................................................................   
 

................................................................................   
 

................................................................................   
 

................................................................................   
 

................................................................................   

(p.d.)

(V)

B A

.B A

(emf)



 

 

   

 
................................................................................   

 
................................................................................   

 
................................................................................   

.(SI)  
................................................................................   

  
................................................................................   

.(J s C
–2

)  (Ω)

.....................................................................................  

.....................................................................................  

.....................................................................................  
 (1.5 V)  

(3.0 V)

.(3.0 V)

 :quantised



(0.80 A)

.(12 V)

.(1.2 A)

:Resistance



 

(10
–6

 A) µA (10
–3

 A) mA

10

(e) e = –1.6 × 10
–19

 C

.(360 C)

(250 µA)

12 (5.0 mA)

.

 :Elementary charge

.e = 1.6 × 10
–19

 C

(10
–6

) µ 

.(10
–3

) m



. (2.0 C)

.(5.0 × 10
–9

 s) 100

(1.6 × 10
–19

 C)

.(1.0 mA)

I = nAvq

.(q) e = 1.6 × 10
–19

 C

(I)

.I = nAvq (A)

(v) (q) (n)



 

(q) (v) (A) (n)

(l)

(n)

(2.0 A)

(1.0 × 10
–6

 m
2
)

(2.5 × 10
–4

 m s
–1

)

:Charge carrier

 :Mean drift velocity



(n)

 (5.0 m) (1.2 × 10
–6

 m
2
)

. (3.6 × 10
23

)

(5.0 A)

(8.0 × 10
28

) (1.8 × 10
–7

 m
2
)

m
3

.(8.7 × 10
–4

 m s
–1

)



 

.(5.0 m)

Q P

I = nAvq

Q P

.(v
Q
) :

 
(v

P
)

:Resistivity

.  = 

RA



.Ω/m

(SI)

(SI)

.(A V Ω m A V

.A s m kg

 
 
 
 

  

  

J C
–1

V

C = A s

J = N m

.N = kg m s
–2



 

(200 Ω) (10
–8

 m
2
) (20 m)

10
–8

 m
2

40 m

2 × 10
–8

 m
2

20 m

5 × 10
–8

 m
2

100 m

(60 Ω)

.(20 m) (2.0 × 10
–8

 m
2
)

(1000 Ω)

.(1.0 × 10
–6

 Ω m) (1.0 × 10
–8

 m
2
)

.(50 Ω) (2.0 m)

.(5 × 10
–7

 Ω m)

.



.R = A

cm Ω m

.(5.0 × 10
–3

 Ω m)

.(0.20 cm) (15 cm)

Ω m

(t)

(l)  (w)

(w)

.((t) (A) (t)

(8 cm)

.(4.0 × 10
–3

 Ω m) (1.5 cm)



 

(7.8 × 10
–8

 m
2
)

.(1.2 × 10
–7

 Ω m)

(3.0 A)

.(2.0 V)

(2.0 V)

: -
-

: -

0.0010 mm

3.0 mm

8.0 mm

(5.0 × 10
–6 

 Ω m)



(15 mm) (0.20 Ω)

(1.45 × 10
–6

 Ω m)

B A

-

B A

2

1

2
 l l

2r r

. : -
r 2

B A

R = 
l

A
B A

B A



 

-

C

DB

A

E

+ −

: -
(6.0 A) A

.(1.0 A) C

.(10 s) A

Conservation of charge

.



A B

D

.E

C

.D

-
.(10 s) (8.0 V) (40 Ω)

40 Ω

10 V

0.20 A

R

: -

 Kirchhoff’s first

law



 

.(R)

-

: -

3.0 A

4.0 A

8.0 A

P

.P

.(1.0 s)

. -

: -
R1 R2

6.0

I I

V 2.0 V

Kirchhoff’s seond law

.



(R
2
)

.(1.0 V) (R
1
)

 (1.0 C)

......................................................... (6.0 V)

......................................................... (2.0 V)

............................................................ (R
1
)



 

-
.

: -

I2 

I1

I3

4.0 Ω

2.0 Ω

AB

C

2.0 V

1.0 V

D

ABCDA

ABCDA

.(4.0 Ω) (I
1
) (2.0 = 4.0I

1
)



ACDA

(2.0 Ω) (I
2
) (2.0 = 2I

2
 –1)

.(I
2
) (I

1
)

.(I
3
) (I

2
) (I

1
)

-

10 V

8.0 V

I1
I1I2

I3 I3

A

B

C D

F

E5 Ω 5 Ω

: -
.(I

3
) (I

2
) (I

1
)

.CBEDC

.ABEFA

.(I
3
) (I

2
) (I

1
)

.ABCDEFA



 

(3.0 Ω) (8.0 V)

(1.0 Ω) (4.0 V)

- (R)

(
1
)

(
2
)

ԑ1

R R

R

R

I1 I4I2

I3
I3

ԑ2

: -
.(I

3
) (I

2
) (I

1
)

I
4
 = I

1

(I
4
) (I

2
) (I

1
) (R) (

1
)



 (I
3
) (I

2
) (R) (

2
)   

 
2

(IR)

 (I
3
) (I

1
) (R) (

2
) (

1
)   

 
(

2
) (

1
)

 

( )  = V + Ir

(r)

 

V

Ir

  

 

V

Ir

  

Internal resistance



 

( )

(V)

(V) ( )

V = 0  = Ir

(6.0 V)

(12 Ω)

.(4.0 V)

.(6.0 V)

I = 
V
R

(12 Ω)

 Terminal

potential difference



R = 
V
I

-

: -

0 0.5 1.0 1.5 2.0 2.5 3.0
0

0.50

1.00

1.50
(
V

)

(A)

.  = V + Ir

  V (V)

V (V)  (V)

(A)

0

0.25 1.25 1.50 0.5

1.0

2.0

3.0

: -



 

(0.50 A)

(1.25 V)

(1.5 V)

(2.0 V)

(12 V)

V = IR

(9.0 V)

.(0.40 A) (8.0 V)

.R



(4.0 V) (9.0 Ω)

.(1.0 Ω)

.(9.0 Ω)

(10 Ω) (6.0 V)

.(4.0 V)

V = IR



 

-

: -
.

0 0.5 1.0 1.5 2.0 2.5 3.0
0

0.50

1.00

1.50

(
V

)

(A)

(V)  = V + Ir

(y)

.(r) ( )



(0.30 Ω) (1.2 Ω)

.(3.0 A)

.(1.5 A) (1.2  Ω)

(12  Ω) (6.0 V)

-

6.0 V
12 Ω

80 Ω

120 Ω

: -



 

(R
2
) (R

1
)

. -

R2

R1

Vin

Vout

: -

.R
1
 : R

2
(R

2
) (R

1
) (V

in
)

.(V
out

)

.6 : 4 30

.6 : 4 (80 V)

.12 : 3 (60 V)

(R
2
) (R

1
) (V

in
)

Potential divider

(V)

(V
1
)

(V
2
)

 V
1
 + V

2
 = V



(R
2
) (V

out
)

V
out 

= ( 
R

2

R
1
 + R

2

 ) × V
in

R
2
 (Ω) R

1
 (Ω) V

in
 (V) V

out
 (V)

250 50 6.0

100 10.0 2.0

200 24.0 4.0

400 16.2 5.1

: -
(2000 Ω)

(6.0 V)

-

2000 Ω0 to 4000 Ω

: -
4000 Ω 0

.(2000 Ω)



 

-

6.0 V

A

B

X

V

R

: -
.X XB AX (R)

A

B

(4.0 Ω) AX

.(8.0 Ω) XB

6.0 V

-

2000 Ω

C

500 Ω

6.0 V V

A

B

D

400 Ω

R

: -
.B A



(R) D C

.................................................................... 200 Ω

.................................................................... 400 Ω

................................................................... 1600 Ω

(R) C B

.................................................................... 200 Ω

.................................................................... 400 Ω

................................................................... 1600 Ω

(100 cm) PQ

(10 V)

 (2.0 V)

-

10 V 100 cmV

A

B

P

Q

R2.0 V

: -
(1.0 cm)

0 V AD

B

. C

Potentiometer

.



 

Q R

RQ

.............................................................. 20 cm

.............................................................. 25 cm

.............................................................. 40 cm

RQ

.............................................................. 20 cm

.............................................................. 25 cm

.............................................................. 40 cm

(V
B
) -

: -

l

R

VB 

M

A
A

1.000 m

M

(10 Ω) (1.000 m)

R = 0

l (m) V
B
 (V)

A
 (V)

0.30 0.60 2.0

0.44 2.0

0.40 0.60

0.80 6.0

: -

Galvanometer

.

Null method

.



R = 90 Ω
A
 = 2.00 V

.l = 0.245 m (V
B
)

(R)

A (2.0 mV)

.(10 Ω) .(6.00 V)

. (3.0 mV) (R)



 

 = 

m
V

Resistivity

(A) (l) (R)

( )

.(2)

!

.(110 cm) .
.

. -



: -
0 2 3 4 5 6 7 8       9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 27 29 30 31 32 33 34 35 36 37 38 39 40 41 42 52 53 54 55 56 57 58 59
cm

61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 77 79 70 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98
mm

11111 22222 88888 99999999

- .
(l)

(0.100 m)

-

: -

0 2 3 4 5 6 7 8        9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 27 29 30 31 32 33 34 35 36 37 38 39 40 41 42 52 53 54 55 56 57 58 59
cm

61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 77 79 70 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98
mmm

1111 22222 8888 999999

l

(R) (l) .
. -

. (d) .
.

R (Ω) l (m)

0.100

0.250

0.400

0.550

0.700

0.850

: -
d =d mm

Ω



 

(A)

A = 
d2

4

A = m
2

 

.(x)  (l) (y) (R)

R

0 0.2 0.4
0

10

5

15

20

l
0.6 0.8

25

1.0

d

mm

d A

m

.Ω m

1 mm
2
 = 10

–6
 m

2



(A) (l) ( ) (R)

R = 
l

A
.R

l

A

.( )

 = Ω m

 = 4.9 × 10
–7

 Ω m

 = 1.2 × 10
–6

 Ω m

 = 1.7 × 10
–8

 Ω m

 0.15 0.19 0.23 0.27 0.32 0.38 0.46 :(mm)



 

mm

(y) 0 0



.(300 A)

(e = 1.6 × 10
–19

 C)

(9.0 × 10
–4

 m
2
)

.(1.6 × 10
29

 m
–3

)

(1.2 mm) 12

(1.7 × 10
–8

 Ω m)

.
.(10 m)

(12 V) -

12 V

I1 I2

I3 8 Ω

20 Ω

4 Ω

-



 

.(I
3
) (I

2
) (I

1
)

.(I
2
)

.(I
3
)

( )

(16 V)

.(8.0 V)

-

-

16 V 8.0 V

+
+

−

0.70 Ω 0.10 Ω

(2.0 A)

ّ



(r) ( )

-

-

ε

r
0.5 A 0.5 A 1.0 A 1.0 A 4.0 A 4.0 A

.(0.150 Ω) (r) (12.0 V) ( )



 

(6.0 V)

(1200 Ω) (1600 Ω)

(1600 Ω)

(1200 Ω)

.(1600 Ω)

(1600 Ω) (R)

.(R) (2.0 V)



-
.C = C

Q
V -

.C =C
Q
V -

-
-

W = W 1

2
QV = 1

2

2
 =

1

2

2

C -
-

. = RCC -
xx x =x x

0
xx  e–( /RC) -

C = C
Q
V

W =W QV

1

2

W = W 1

2
QV = 1

2

2
 =

1

2

2

C
1

C
T

1

C
1

1

C
2

1

C
3

C
T

C
1

C
2

C
3

= RCC

xx x =x x
0

xx e–(t/tt RC)



 

.

C = 
Q

.(10000 µF)

(F)

.(1 V)

.(50 V)

.(pF) (µF)

(SI) p

Electric capacitance



.................................................................... 20 µF

................................................................ 10000 µF

.................................................................... 20 pF

................................................................. 5000 pF

-

 : -

+Q

C

V

R

(+Q) -



 

.

-

 : -

6 V
1 kΩ

10 mF



.

(1.0 s)

.(1.0 s)

.(1.0 s)



 

-

 : -



(V) -
(Q) (0.50 mF)

 : -
Q V

1.0
0

0

2.0

4.0

6.0

8.0

10.0

2.0 3.0 4.0 5.0

V
 
(
V

)

Q (mC)

Q 

V
C

 (1.0 mC)

(1.0 mC)

.(mC (Q) mJ



 

(1.0 mC)

(8.0 V)

(C)

(V)

W = 
1

2

 QV

.(Q) (V)

(6.0 V)

(300 µC)



C = 
Q

W = 
1

2
 

2

(20 µF)

(240 V)

(200 mJ)

(120 V)

1

C
T

 = 
1

C
1

 + 
1

C
2

 + 
1

C
3

 + …

C
T
 = C

1
 + C

2 
+ C

3 
+ …

(10 pF)

(10 pF)



 

(10 pF)

.(50 pF)

(10 pF)

(200 pF) (50 pF) (10 pF)

B A

 : -
1

 X = 20 µF

 Y = 40 µF

 Z = 120 µF

2

 X = 20 µF

 Y = 40 µF  Z = 120 µF



1

Y X

.(

Y X

B A Z

.2

.( B A

C
2

C
1

-

 : -
C

2
C

1



 

(V)

(Q)

(V)

(Q)



-
.(10 kΩ)

 : -
10 kΩ

10.0
0

0

2.0

4.0

6.0

20.0 30.0 40.0 60.050.0

V
 
(
V

)

t (ms)



 

(t = 0 ms) (t = 5.0 ms)

.(t = 5.0 ms)

(5.0 ms)

(0.8 V) (5.0 ms)

 = RC

1

e
37%

ms

 Time

constant

( )

(RC)

1

e

(e)





 

(9.0 V) (2000 µF)

(100 kΩ)



(10 V) (400 µF)

x = x
0
 e–( /RC)

 .(100 kΩ)

(x
0
) (x)

.(20 s)

.(20 s)

.(60 s) 

.(60 s)

.(5.0 V)

(e)

.In (
x
x

0

) = 
–t

RC



 

e.m.f

.(100 kΩ)

.(0–100 µA)

!

- .



 : -

RC

A

S

.S .
.(t = 0) .

.S .
،(10 s) (I) .

. -
.

R ........................

 ln I (µA) I (µA) t (s)

± ±

± ±

± ±

± ±

± ±

± ±

± ±

± ±

: -

- ln I (µA)

.ln I

.(x) t (s) (y) ln I (µA)



 

(t) (I)

I = I
0
 e

– 
t

RC

 (R) (C)

ln I

ln I



.(I
0
) (R) (C) (t) ln I

ln I

.

(y)

(y)

.(y)

(y)

(y)

(y)



 

(C) (R) (y)

.(I
0
)

I
0

  C

.(I
0
) (C)

........................ % C

........................ % I
0

.(C)

(I
0
) (C)

.C



(4.0 kΩ) (200 µF)

.(240 V)

.(0 A)

(C
2
) (C

1
) -

-

+

C1 = 500 μF C2 = 800 μF

200 V
−

(C
2
) (C

1
)

(470 µF)

(30 V)

(1.4 Ω)

(2.0 V)

.(2.0 V) (30 V)



 

. -

-

(5.0 V)

(2.5 V)

(2.2 µF)

.(2.7 µF)



-

-

F =F BIL sin -
-

-

-

. = BA cos B = B A -
-

.BAN cos

-
       . = –

∆( )

 ∆t
-

 

×
B = F

ILII

= BA cos

= cos

= –
∆( )

 ∆t



 

 -  
A B

 : -
A B

A

B

90°

 
................................................................................   
................................................................................   
................................................................................   

   
A

................................................................................   

................................................................................   

:Magnetic field



   
. -

................................................................................   

................................................................................   

................................................................................   
 

................................................................................   

................................................................................   

................................................................................   
 

................................................................................   

................................................................................   

................................................................................   
  

 
 
 

................................................................................   
  

................................................................................   
  

................................................................................   



 

-

 : -

 

  
................................................................................   

  
................................................................................   

  
................................................................................   

   

................................................................................   

................................................................................   
   

................................................................................   

................................................................................   

................................................................................   
  

................................................................................   

................................................................................   

................................................................................   



-

 : -

N

S

I

 

 
 
 

.   
................................................................................   
................................................................................   

-

I

I

 : -

 

 Fleming’s

left-hand rule

 



 

 
................................................................................   

-  

................................................................................   

................................................................................   

................................................................................   

.F = BIL

   
(SI)

................................................................................   

................................................................................   

................................................................................   
 (T)   

................................................................................   

................................................................................   
 

................................................................................   

................................................................................   
 

................................................................................   

................................................................................   

................................................................................   



 (0.40 m)   
 (0.30 A)

 .(250 mT)

................................................................................   

................................................................................   

................................................................................   
   

(32 µT)  
 (200 mA) (10 cm)   

(8.0 × 10
–3

 N)

................................................................................   

................................................................................   

................................................................................   
 (1.0 m)   

(5.0 A)

................................................................................   

................................................................................   

................................................................................   

Magnetic flux density

.Tesla (T)



 

 (20 g)   

................................................................................   

................................................................................   

................................................................................   
-

+

–

 : -

 

  

  
................................................................................   

   

................................................................................   

................................................................................   

................................................................................   



 
 

 

 

(1 m
2
)

.(1 T)

: -
  

   

................................................................................   

................................................................................   

................................................................................   
   

................................................................................   

................................................................................   



 

 .   

................................................................................   

................................................................................   

................................................................................   
 (1.8 × 10

–4
 m

2
)  

(5.0 × 10
–5

 T)

   

................................................................................   

................................................................................   

................................................................................   
 

................................................................................   

................................................................................   

................................................................................   
   

................................................................................   

................................................................................   

................................................................................   

 :Magnetic flux

Wb

.T m
2

 :Magnetic flux linkage

.(Wb)



(A) (N)

- (B ) ( )

θ
B

A

 : -
(B )

 

  
NBA sin 

.....................................................................................  

.....................................................................................  
(2.5 × 10

–4
 m

2
)

 (0.028 T)

 
................................................................................   
................................................................................   
................................................................................   

0°  
................................................................................   
................................................................................   
................................................................................   

30°  
................................................................................   
................................................................................   
................................................................................   



 

50 (2.0 cm)

(2.8 × 10
–2

 T)

.(35°)

.....................................................................................  

.....................................................................................  

.....................................................................................  
(2.0 × 10

–4
 m

2
)

 .(3.0 × 10
–5

 Wb) (0.010 T)

 
................................................................................   
................................................................................   
................................................................................   

 
................................................................................   
................................................................................   
................................................................................   

 
 

.m2

 Faraday’s law of

 :electromagnetic induction



   
................................................................................   
................................................................................   
................................................................................   

  - -

S

N

+

0
0

−

 : -

 

    

................................................................................   

................................................................................   
N     

 .S N

.
................................................................................   
................................................................................   

S    
S N

................................................................................   

................................................................................   

 :Lenz’s law



 

    

................................................................................   

................................................................................   

................................................................................   
 

................................................................................   

................................................................................   

................................................................................   
  

 : -

X

Y
X YY X

 

    

................................................................................   

................................................................................   

................................................................................   
    

 . -
................................................................................   
................................................................................   
................................................................................   



   

................................................................................   

................................................................................   

................................................................................   

 

 (Wb s
–1

)  

J s
–1

         J C
–1

         V s
–1

         V         T m
2
 s

–1
         T m

2  
.....................................................................................  

 (8.0 × 10
–4

 m
2
) 50  

       .(0.20 T)

 
................................................................................   
................................................................................   

   
 .(1 ms = 10

–3
 s) (50 ms)

................................................................................   

................................................................................   

................................................................................   
   

 .(50 ms)

................................................................................   

................................................................................   

................................................................................   



 

 3000 (2.0 × 10
–4

 m
2
)  

(12 V)

.....................................................................................  

.....................................................................................  

.....................................................................................  
 200 (1.6 × 10

–3
 m

2
)  

 (0.090 T)

(15 V)

.....................................................................................  

.....................................................................................  

.....................................................................................  
 (6.0 × 10

–4
 m

2
) (3.6 Ω)  

 (0.60 s)

(5.0 × 10
–4

 T)

 (0.60 s)   

................................................................................   

................................................................................   

................................................................................   
   

................................................................................   

................................................................................   

................................................................................   



  
(+

0
)

 
 .(+

0
)

................................................................................   

................................................................................   

................................................................................   
 

................................................................................   

................................................................................   

................................................................................   
  

0

0.05

0

0.10

0.15

0.20

100 200 300 400 500

 
(
W

b
)

t (ms)

 : -

 



 

.(100 ms) (0 ms)  
................................................................................   
................................................................................   
................................................................................   

.(300 ms) (100 ms)   
................................................................................   
................................................................................   
................................................................................   

.(500 ms) (300 ms)   
................................................................................   
................................................................................   
................................................................................   

  

0.0
0

−1.0

−2.0

2.0

1.0

10 20 30 40 50 60 70 80 90 100

 
(
W

b
)

t (ms)

 : -

 



   

................................................................................   
   

................................................................................   
 

................................................................................   
 

................................................................................   

................................................................................   

................................................................................   
 500 (1.6 × 10

–2
 m

2
)  

................................................................................   

................................................................................   

................................................................................   



 

 
 

   
   

U

  
.2   

  
  

   

!

. -   .



 : -

105.05 g

L

A

5

 

 .  

(L)  .
 (N) (L)

(m
0
) .

.(m
0
)

 (I) .
(m)

.(m) -
.

m
0
 = ........................  L = ........................

N = ........................

m – m
0
 (g) m (g) I (A)

± ±

± ±

± ±

± ±

± ±

± ±

: -



 

- m – m
0
 (g)

.(m – m
0
)

.(x) I (A) (y) m – m
0
 (g)

(m – m
0
) g = NBIL (I) (m – m

0
)

 (L) (B) (g)  
(N)

 

 :Magnetic flux density

.Tesla (T)



 (I) (m – m
0
)  

.(B)

(m – m
0
)

  

.(B) (B)

 B = ........................  
.(B)

  ........................ % = B



 

(m – m
0
)

.....................................................................................  

.....................................................................................  

.....................................................................................  

.....................................................................................  
.(m – m

0
)

.....................................................................................  

.....................................................................................  

.....................................................................................  

.....................................................................................  



-
.(h)

: -

h

(I) (h)

h = p q

(q) (p)

(I) (h)

.(q) (p) 



 

.......................................................................................    

....................................................................................  

....................................................................................  

....................................................................................  

....................................................................................  

....................................................................................  

....................................................................................  

....................................................................................  

....................................................................................  

!

...................................................................................  

...................................................................................  



...........................................................................................

...........................................................................................

...........................................................................................

...........................................................................................

...........................................................................................

...........................................................................................

...........................................................................................

...........................................................................................

...........................................................................................

...........................................................................................

 

h



 

 (I) (h)  

.(q) (p) (y)

 .....................................................................................  
.....................................................................................  
.....................................................................................  

 .....................................................................................  
.....................................................................................  
.....................................................................................  

 .....................................................................................  
.....................................................................................  



 
B A -   

-

A B  

A

(2 A) A

(1 A) B

ABC -
(2.8 × 10

–4
 T)

-

30 cm

40 cm 50 cm

A

B C

I = 0·60 A

 

Justify



 

.(0.60 A)

AB  
CA  

.BC  
Q P  

-
.Q P

-

P Q  

 
.Q

P  
 .Q

Q

 .P
.Q P

-

-

 

Compare



(5.6 cm)

(2.6 g)

.(3.4 A)

 

 
30°  

60°

  
  

 
(0.050 m × 0.080 m)

 40

-

0.050 m N S

0.080 m

 

 (0.15 T)  
.(3.0 s)



 

 
  

 50 (4.0 × 10
–4

 m
2
)  

(0.15 T)

-

30º 0.15 T

 

.(30°)

(0.25 s)



. -

-

90 cm

50 cm

 

(B
x
)  

(B
x
) (2.0 × 10

–5
 T)

(0.40 s)

.(90°)

 
 

 



 

(v))

tan

(v2vv )

tan =
k
v2vv

(k)

tan (y) y =y mx +x c

. 1

v2vv
(x)

y =y mx +x c

(c) (m)

.(logs) y = y ae
kxx y = y axn

(e)

(ln) (log) 10 (ln)

e
kxx

.(v)v

(v)v



ln (s) ln (m) ln [(s) (m)] ln [s (m)] (s)

y = y ae
kx y =y axn

y =y axn

log y = log y a + n log x

ln y = lny a + n ln x

y =y ae
kxx

ln y = lny a + kx

log10  
ln 10

log100  
log5  

1 10    
log x = 1x x

0.5 (e)   
ln x = 0.5 x

.(log3 + 4 log2) (log48) (48 = 3 × 2
4
)

log (ab) = log (a) + log (b)

log (
a

) = log (a) – log (b)

log (an
) = n log (a)



 

(y)

y = mx + cy  x mc

y = axn

ln y  ln x 

log y log x
n

ln a

log a

ln y = ln a + n ln x

log y = log a + n log x

y = ae
kx

ln y  x kln aln y = ln a + kx

y = axn

(t) (s)

   
 t

(s)

s (m)

ln t (s)ln s (m)

0.200.20–1.61–1.61

0.400.78–0.92–0.25

0.601.76–0.510.57

0.803.14–0.221.14

1.004.900.001.59

1.207.050.181.95

6.0

8.0

4.0

2.0

0
0 0.40 0.80 1.20

+
+

+

+

+

+

t (s)

s 
(
m

)

.

ln t ln s y = axn

ln t ln s

10



–0.5

–1.0

1.0

2.0

–2.0

0.5 ln t (s)

ln s (m)

–1.5

–1.0

.
(n) (a) y = axn

(t) (n)

n

  n = 
2.55 – (– 1.4)

0.5 – (–1.5)

n = 
3.95

2.0

n = 1.98 ≈ 2.0

ln a (y) s = 
2

(n)

ln a = 1.6

a = e
1.6

 = 4.95 m s
–2

 ≈ 5.0 m s
–2

g = 9.8 m s
–2 a = 

1

2
 g (a) s = 

1

2
 gt 2

.(a)

y = aekx



 

(t) (I)

I (mA)

t (s)ln I (mA)

10.000.002.303

6.700.201.902

4.490.401.502

3.010.601.102

2.020.800.703

1.351.000.300

C = 10 F

I0 = 10 mA mA

R = 20.0 k

ln I (t) ln I I = I
0
e

kt

10 (e)

(t) ln I

0
0

1.0

2.0

0.4 0.8 1.2

ln I (mA)

t (s)
0

0

5

10

0.4 0.8 1.2

t (s)

I (mA)

(k)

k

  = 
(0 – 2.30)

(1.16 – 0)

= –1.98 s
–1

 ≈ –2.0 s
–1



(2.30) (y)

(I
0

II = 9.97 ≈ 10 mA)

I = 10 e
–2.0t

.(t)

(y) (x)

y = y kx
3

2  
y =y cxqxx  

m = 8x
By2yy

 
y =y y

0
yy e

kx  
R =R

(y –y y
0

yy )

x2xx
 

(T)TT)

(l)

T = 2T √
l
g

(g)

.

.(g)

Uncertainty (12.1 ± 0.2) s (100 m)

(12.1 s ± 1.7%)
0.2

12.1
×100% = 1.655 %

.(12.1 s ± 2%)

(N)(cm)(cm)

012.4 ± 0.20.0

1.0014.0 ± 0.21.6 ± 0.4

2.0015.8 ± 0.23.4 ± 0.4

3.0017.6 ± 0.25.2 ± 0.4

4.0018.8 ± 0.26.4 ± 0.4

5.0020.4 ± 0.28.0 ± 0.4

Uncertainty



 

Worst fit line 

0
0

2.0

4.0

6.0

8.0

2 4 6
(N)

(
c
m

)

0
0

2.0

4.0

6.0

8.0

2 4 6

(N)

(
c
m

)

= ( 
8.2 – 0

5.0 – 0

 ) cm N
–1

= 1.64 cm N
–1

 ≈ 1.6 cm N
–1

= ( 
7.6 – 0.6

5.0 – 0

 ) cm N
–1

= 1.4 cm N
–1

:Worst fit line



(47 ± 5) Ω

ln R (R Ω) ln R (R Ω)

:
ln R (R Ω) = ln 47 = 3.85

:

 = 47 + 5 = 52 Ω

ln 52 = 3.95

:

:ln RR

= 3.95 – 3.85 = 0.10   

.ln R (R Ω) = 3.85 ± 0.10

= 1.6 – 1.4 = ± 0.2 cm N
–1

(1.6 ± 0.2 cm N
–1

)

(R) (r)r

. -
(r)r (R)

R =R b

(b) (a)

(y) ln R   
(x) ln rr

.(b) (a) (y)

(R)) (r)r)   

r (mm)R (Ω)ln r (mm)ln R (Ω)

2.0 ± 0.1175.0

3.0 ± 0.177.8

4.0 ± 0.143.8

5.0 ± 0.128.0

6.0 ± 0.119.4



 

 ln r (mm)   
ln R (Ω)

.ln r (mm)

ln R (Ω) ln r (mm)    
.ln r (mm)

    

   

.(b)   
(a)   





(968) 24446160 : ∞JÉg     Ω.Ω.¢T IOhóëŸG É¡`àÑà`μeh ¿É`ªY á`©Ñ£`Ã ™ÑW

2023 / 6578  : ´GójE’G ºbQ







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /None
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /None
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /WorkingCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2540 2540]
  /PageSize [612.000 792.000]
>> setpagedevice


