Electric Field of a Point Charge

clectric | _ generates exerts force
—_— - s
charge locally

electric
charge

_—7

exerts force over distance

(1) Electric field E generated by point charge : E =k 5t

q.

(2) Force Fy exerted by field E on point charge g1: F; = ¢1E

(1+2) Force F; exerted by charge g on charge g;: F; = k L7 (static conditions)

« €9 =8.854 x 107 12C2N"Im—2
Ck= L~ 899 x 10°Nm2C2
47‘(6‘0

+ Slunit of E: [N/C]
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Maghnetic Field of a Moving Point Charge

gllggtirti]g generales o etlc exem force gllggtigg
charge t%n locally charge
/
exerts force over distance
. = . = U X P
(1) Magnetic field B generated by point charge q: B = Z—;)T 1 p
(2) Force F; exerted by field B on point charge g1: Fy = ¢17; x B
(1+2) There is a time delay between causally related events over distance.
| field point |
r B

« Permeability constant

o = 47t x 1077Tm /A

source point
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Magnetic Field Application (1)
A particle with charge g = 4.5nC is moving with velocity 7 = 3 x 10°m/si.
Find the magnetic field generated at the origin of the coordinate system.

« Position of field point relative to particle: 7 = 4mi — 3mj
+ Distance between Particle and field point: r = \/(4m)2 + (3m)2 = 5m
+ Magnetic field:

B oo MgixP_ poqox7 v
4 12 4 13 _ R hy
o q(3 x 10°m/si) x (4mi — 3my) oSk A m/ss
T4 (5m)3 g v 5
B to 4(3 x 10°m/si) x (3my)) 0 o
T anm (5m)3 -

= —3.24 x 10" "“Tk.
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Law of Biot and Savart

tsl213

+ Magnetic field of current element: dB =

- Vector relation: dB = 22

« Current element: Ids =dgq? [1Am =1Cm/s]

Mo dqusin® _ pg Idssin6
Tt 2 4m 12

ygld§><?

47 12

- Magnetic field generated by current of arbitrary shape:

= Ids x 7
B= Z—f{ / sr2>< 4 (Law of Biot and Savart)

dB




Magnetic Field of Circular Current

- Law of Biot and Savart: dB = X lat .
47 z2 + R? Idé
R =
* dB, =dBsinf = dB——
z /22 ¥ R2

pol  Ral
dr (2 4+ R2)p2

. _ LOI R /ZnR
B, = an 7(ZZ+R2)3/2 A dl
ol R?

= dB, =

=B e
. . ],{UI
+ Field at center of ring (z =0): B, = R
+ Magnetic moment: u = ITR?
~ Fo B

« Field at large distance (z>R): B, ~ ;—

tsl214



Magnetic Field Application (11)

The electric field E, along the axis of a charged ring and the magnetic field B, along the axis of a circular
current loop are

g Q x 5. — Hol R?
T 4mey (x2 + R2)3/27 T2 (x4 R2)32
(a) Simplify both expressions for x = 0.
(b) Simplify both expressions for x > R.
(c) Sketch graphs of Ex(x) and By(x).
EX BX
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Maghnetic Field Generated by Current in Straight Wire (1)

Consider a field point P that is a distance R from the ax Y
. dB:Z—ng—zxsinqb:I—gl:?—zxcosG ——dB, 4 5
+ x=Rtanf = %:%:Rzi/ﬂ:%
:Z—irizrz%cosﬁ Z;RcosedG I
« B= ZOIl{ cos 6d6
_ Mo I

= 4R (sm 6, —sin6;)

- Length of wire: L = R(tan 6, — tan 6,)

. L o o A — one _ ol
Wire of infinite length: 61 = —90°, 6, =90° = B = 7R
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Maghnetic Field Generated by Current in Straight Wire (2)

Consider a current I in a straight wire of infinite length.

- The magnetic field lines are concentric circles
in planes prependicular to the wire.

+ The magnitude of the magnetic field at distance R

L I
from the center of the wire is B = ﬂ.
27tR
» The magnetic field strength is \I
proportional to the current I and

inversely proportional to the distance R
from the center of the wire. C )
- The magnetic field vector is tangential

to the circular field lines and directed
according to the right-hand rule.

=y
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Magnetic Field Generated by Current in Straight Wire (3) hﬁiﬁh'

Consider the magnetic field B in the limit R — 0.

Z;_)[ R (sin @y — sin6y)
2
« sinf) = 1R2
R TRz 2a
sin 2 ~1o LR
. 2: = ~ —_— = —
7 R2 2 4a2
\/4a + R \/1+4,12 5 a a
-— >« »
I 1 R? 2
-Bzﬂf 1—-— — +1R7 T T T T T T T T r---TTT T oo
47 R 2 4q2 2 42 B | e !
2 1
_ Bol 3R R :
|

47 8a2
R
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Magnetic Field at Center of Square-Shaped Wire

Consider a current-carrying wire bent into the shape of a square with side 2a.

Find direction and magnitude of the magnetic field generated at the center of the square.

a L a
a | a
' B
TR o b
’ o1
a 45 ! 45° N a
a g a
I
B LT oy aeon] V200l
B 7447_[a [s1n(45 ) — sin(—45 )] =
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Magnetic Field Application (6)
A current-carrying wire is bent into two semi-infinite straight segments at right angles.

(@) Find the direction (®, ®) of the magnetic fields By, ..., Bs.
(b) Name the strongest and the weakest fields among them.
(c) Name all pairs of fields that have equal strength.

tsl222




Magnetic Field Application (5) Lomid

If the current I in (a) generates a magnetic field By = 1T pointing out of the plane

- find magnitude and direction of the fields By, B,, B3 generated by I in (b),
- find magnitude and direction of the fields By, Bs, B¢ generated by I in (c).

(a) (b) (©)
————————— ; R B
%(FlT | | 1 B,
! iBl
—_— Ol Q)
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Force Between Parallel Lines of Electric Charge

tsl231

+ Electric charge densities: A4, A,

A>0 A0

, N

Electric field generated by linea: E, = Ireo d
« Electric force on segment of line b: F,, = A,LE,

. . . . Fﬂ o 1 )\a)\b
Electric force per unit length (repulsive): I = ey d
L
E
a
Fab




Force Between Parallel Lines of Electric Current hﬂ“ﬁ"_n

- Electric currents: I,, I,

+ Magnetic field generated by line a: B, = ;7()1%
+ Magnetic force on segment of line b: F,, = I,LB,
: . ive): fabo _ Fo Ly
Magnetic force per unit length (attractive): 1 = o7 g
-~
Ee =1,
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Is There Absolute Motion?

Forces between two long, parallel, charged rods

A >0 >0 1, =vA)
v
d] —_— E
Ay>0 ‘ X5>0 IZ:VX(‘2
at rest Fi in uniform motion E¥
E

FE 1 /\T/\; PB }10 1112

PR L M ey B L U

L 2mey d L 2me d ' L 2m d’
CEe=Fp 1 MA (L P\ 1 AA
L 2me d 2) 2mey d
1 .
c= =2998 x 10°ms™! (speed of light)
Eoito p g
« M « A2

(due to length contraction)

A= T
YT Vi-#/2 2T V1-02/3
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Magnetic Field Application (12)

Consider two infinitely long straight currents I and I, as shown.

+ Find the components B, and By, of the magnetic field at the origin of the coordinate system.

y
é12:4A
3m 1,=2A
— X
—
4m
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Magnetic Field Application (13) ey

Two straight electric currents I; and I, of infinite length directed perpendicular to the xy-plane generate a
magnetic field of magnitude B = 6.4 x 10~7T in the direction shown.

- Find the magnitude and direction (®, ®) of each current.

y
L,
3m 5o Il
— X
3
4m
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Unit Exam llI: Problem #1 (Spring '08) ey

Consider two circular currents I; = 3A at radius r; = 2m and I, = 5A at radius , = 4m in the directions shown.
(a) Find magnitude B and direction (®, ®) of the resultant magnetic field at the center.

(b) Find magnitude y and direction (®, ®) of the magnetic dipole moment generated by the two currents.

ts1381



Unit Exam lll: Problem #1 (Spring '08) M

Consider two circular currents I; = 3A at radius r; = 2m and I, = 5A at radius , = 4m in the directions shown.
(a) Find magnitude B and direction (®, ®) of the resultant magnetic field at the center.

(b) Find magnitude y and direction (®, ®) of the magnetic dipole moment generated by the two currents.

Solution:

_ Ho(BA)  mo(5A) _ -
(a) B= 20(2m) - 2"( ) (9.42—7.85) x 1077T

= B=157x107"T ®
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Unit Exam lll: Problem #1 (Spring '08) M

Consider two circular currents I; = 3A at radius r; = 2m and I, = 5A at radius , = 4m in the directions shown.
(a) Find magnitude B and direction (®, ®) of the resultant magnetic field at the center.

(b) Find magnitude y and direction (®, ®) of the magnetic dipole moment generated by the two currents.

Solution:

_ Ho(BA)  mo(5A) _ -
(a) B= 20(2m) - 2"( ) (9.42—7.85) x 1077T

= B=157x107"T ®
(b) p = m(4m)?(5A) — w(2m)?(3A) = (251 — 38) Am?
= p=213Am> ©

ts1381



Intermediate Exam llI: Problem #1 (Spring '06) ey

Consider two infinitely long, straight wires with currents of equal magnitude I; = I, = 5A in the directions
shown.

Find the direction (in/out) and the magnitude of the magnetic fields B; and B, at the points marked in the

graph.
L
a ]31

g
Q

% B,
&

2m  2m —
Iy
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Intermediate Exam llI: Problem #1 (Spring '06) ey

Consider two infinitely long, straight wires with currents of equal magnitude I; = I, = 5A in the directions
shown.

Find the direction (in/out) and the magnitude of the magnetic fields B; and B, at the points marked in the

graph.
L
a B]
g
Q
. % B,
Solution: =
Q
+ By = Mo (DA SAN 0 (no direction). 2m 2m —
2t \4m  4m I
b

tsl355



Intermediate Exam llI: Problem #1 (Spring '06) ey

Consider two infinitely long, straight wires with currents of equal magnitude I; = I, = 5A in the directions
shown.

Find the direction (in/out) and the magnitude of the magnetic fields B; and B, at the points marked in the

graph.
L
a B]
g
Q
. °B,
Solution: =
Q
+ By = Mo (DA SAN 0 (no direction). 2m 2m —
2t \4m  4m I
b
., Mo (5A _5AN
By= oo <2m am ) = 025 (out of plane).
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Intermediate Exam IlI: Problem #1 (Spring '05)

An infinitely long straight current of magnitude I = 6A is directed into the plane (®) and located a distance
d = 0.4m from the coordinate origin (somewhere on the dashed circle). The magnetic field B generated by this

current is in the negative y-direction as shown.

(@) Find the magnitude B of the magnetic field.
(b) Mark the location of the position of the current ® on the dashed circle.

tsl342




Intermediate Exam IlI: Problem #1 (Spring '05) hﬁiﬁh'

An infinitely long straight current of magnitude I = 6A is directed into the plane (®) and located a distance
d = 0.4m from the coordinate origin (somewhere on the dashed circle). The magnetic field B generated by this
current is in the negative y-direction as shown.

(@) Find the magnitude B of the magnetic field.
(b) Mark the location of the position of the current ® on the dashed circle.

y

// \\

/ \
\
Solution: ! 04m
1 T
\ l

_ Ml _ . B /

(a) B= 27Td73yT \\ //
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Intermediate Exam IlI: Problem #1 (Spring '05) hﬁiﬁh'

An infinitely long straight current of magnitude I = 6A is directed into the plane (®) and located a distance
d = 0.4m from the coordinate origin (somewhere on the dashed circle). The magnetic field B generated by this
current is in the negative y-direction as shown.

(@) Find the magnitude B of the magnetic field.
(b) Mark the location of the position of the current ® on the dashed circle.

y
/// AN
7 \
/ \
\
Solution: ! 0.4m
1 T
\ !
o I \ B !
B=Lt0C —3uT.
(a) 2 d # \\ //
(b) Position of current ® is aty = 0, x = —0.4m. AN Pt
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Unit Exam lli: Problem #2 (Spring '09)
Two semi-infinite straight wires are connected to a curved wire in the form of a full circle, quarter circle, or
half circle of radius R = 1m in four different configurations. A current I = 1A flows in the directions shown.
Find magnitude B, By, B¢, B; and direction (®/®) of the magnetic field thus generated at the points a,b,c, d.

ts1396



Unit Exam lli: Problem #2 (Spring '09)
Two semi-infinite straight wires are connected to a curved wire in the form of a full circle, quarter circle, or
half circle of radius R = 1m in four different configurations. A current I = 1A flows in the directions shown.
Find magnitude B, By, B¢, B; and direction (®/®) of the magnetic field thus generated at the points a,b,c, d.

Solution:

= [Hol Bl | pol | _ -
B, = Rk TR tanrl T [100nT + 628nT + 100nT| = 828nT ®
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Unit Exam lli: Problem #2 (Spring '09)
or

Two semi-infinite straight wires are connected to a curved wire in the form of a full circle, quarter circle,
half circle of radius R = 1m in four different configurations. A current I = 1A flows in the directions shown.
Find magnitude B, By, B¢, B; and direction (®/®) of the magnetic field thus generated at the points a,b,c, d.

Solution:

}lol OI }101
— | #ol | Bol | Pol | _ —
B, 1 + 5 + 1 |100nT + 628nT + 100nT| = 828nT ®

Hol ol of = |100nT + 314nT — 100nT| = 314nT ®

B, =
"7 |47R T 4R T 4mR
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Unit Exam IlI: Problem #2 (Spring '09) T

Two semi-infinite straight wires are connected to a curved wire in the form of a full circle, quarter circle, or
half circle of radius R = 1m in four different configurations. A current I = 1A flows in the directions shown.
Find magnitude B, By, B¢, B; and direction (®/®) of the magnetic field thus generated at the points a,b,c, d.

Solution:

_ | Hol | pol | pol
Ba= 7R T 2R T anr
g, — | #oL | pol _ pol
, = [

R + 4R Rl T [100nT + 314nT — 100nT| = 314nT ®

= |100nT + 628nT + 100nT| = 828nT ®

_ |l ml | _ _
B = | Lo+ £2 +0‘ = [100nT + 157nT| = 257nT ®
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Unit Exam lli: Problem #2 (Spring '09)

Two semi-infinite straight wires are connected to a curved wire in the form of a full circle, quarter circle,

or

half circle of radius R = 1m in four different configurations. A current I = 1A flows in the directions shown.
Find magnitude B, By, B¢, B; and direction (®/®) of the magnetic field thus generated at the points a,b,c, d.

Solution:

B,

By

B,

By

tsl396

tol
4R
pol
47tR
pol
47tR
Hol
47tR

+

Bol
2R

tol

4R
pol

8R
pol

2R

Hol
47tR

pol

47tR

= |100nT + 628nT + 100nT| = 828nT ®

= |100nT + 314nT — 100nT| = 314nT ®

+0| = [100nT + 157nT| = 257nT ©

pol
47tR

= [100nT — 628nT + 100nT| = 428nT &



Magnetic Field Application (14)

Consider two pairs of rectangular electric currents flowing in the directions indicated.

(a) What is the direction (—, <) of the magnetic force experienced by the black rectangle in each case?

(b) Which black rectangle experiences the stronger magnetic force?

(1 2)
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Magnetic Field Application (9)

tsl226

Two wires of infinite length contain concentric semicircular segments of radii 1m and 2m, respectively.

- If one of the wires carries a 6A current in the direction indicated, what must be the direction (7, /) and
magnitude of the current in the other wire such that the magnetic field at the center of the semicircles

vanishes?

6A

()

o) ol (o




Magnetic Field Application (2)

tsl218

The currents I, I, in two long straight wires have equal magnitude and generate a magnetic field B as shown
at three points in space.

+ Find the directions (®, ®) for I, I, in configurations (a) and (b).

(a)

(b)




