Chapter 4:

a. Definition of magnetic field
b. Magnetic force
¢. The Biot-Savart Law

Electromagnetism



a-Definition of magnetic field



Facts about Magnetism

* Magnets have 2 poles

O
(north and south)
(a)

e * Like poles repel
N N

(b)

* Unlike poles attract

* Magnets create a
MAGNETIC FIELD
around them




Magnetic Field

A bar magnet has a magnetic field around
it. This field 1s 3D in nature and often
represented by lines LEAVING north
and ENTERING south

To define a magnetic field you need to
understand the MAGNITUDE and
DIRECTION

We sometimes call the magnetic field a
B-Field as the letter “B” 1s the
SYMBOL for a magnetic field with
the TESLA (T) as the unit.




b- Magnetic Force
( Lorentz’ Law and Laplace’s law)



Magnetic Force on a moving charge

into a magnetic field 1t will
/ experience a MAGNETIC
FORCE. This deflection 1s 3D

1n nature.

B
®\, If a MOVING CHARGE moves
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F = q[[j ¥ B) Magnitude of Magnetic Force

F =ginB ]
! 2

The conditions for the force are: F — q v B Sin 9

*Must have a magnetic field present
*Charge must be moving
*Charge must be positive or negative




The Vector Product (or the Cross Product)

The vector product of the two vectors A and B is denoted by A x B and defined

—
as a third vector C whose magnitude is: C = AB sin &

where 6 is the smaller angle between A and B (hence, 0 < sin# < 1). The direction
of C is perpendicular to the plane that contains both A and § and can be determined

by using the right-hand rule, see Fig.

Right-hand rule




The vector product definition leads to the following propertics:
. The order of vector product multiplication is important; that is:
AxE = —ﬂ-irxf}

which is unlike the scalar product and can be casily venfied with the nght-hand
rale.

. If A is parallel to B (that is, # = 0"} or A is antiparallel to B (that is, 8 =
1807, then:

A xF =0 (if A is parallel or antiparallel to F)
: lf.ri5pn:rp-:ndi::ulmln E,uu:n:

A xEF|=AB (GfALE)

. The vector product obeys the distmibative law, that is:

=i = — = = =im xim
AxiB+Ci)=A =8 +A =C (Disiributive law}

. The derivative of A = B with respect o any variable such as ris:

=
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6. From the definition of the vector product and the unit vectors 1, j, and E we

get the following relationships:

ixi —JT}KT —kxk=0
1
ixj =K jxk=i, Exi=j
The last relations can be obtained by setting the unit vectors TJ .and k on ']:'“
a circle, see Fig. . and rotating in a clockwise direction to find the cross

product of one unit vector with another. Rotating in a counterclockwise direction
will involve a negabive sign of the cross product of one umit vector with another,

that is:
e = G
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= i - i
xk=—), kxj] =—1, 1
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T. When two vecbors A and B are wrnitten inm termms of the omit vectors

—_—

k . then the cross product will give the resualt:

—
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This result can be expressed in determinant form as follows:
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Example

A proton moves with a speed of 1.0x10° m/s through the Earth’s
magnetic field, which has a value of S5uT at a particular location.
When the proton moves eastward, the magnetic force is a maximum,
and when it moves northward, no magnetic force acts upon it. What

is the magnitude of the magnetic force acting on the proton?

SOLUTION

F, =qvB,0=90,sm90 =1
F, =(1.6x10")(1.0x10°)(55x10°)

— 8.8x10°N
F B




Direction of the magnetic force?

Right Hand Rule

i{;. | | I|
11
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Basically you hold your right hand
flat with your thumb perpendicular
to the rest of your fingers

To determine the DIRECTION of the

force on a POSITIVE charge we use
a special technique that helps us
understand the 3D/perpendicular
nature of magnetic fields.

@ = out of the page

X= into the page

*The Fingers = Direction B-Field
*The Thumb = Direction of velocity
*The Palm = Direction of the Force

For NEGATIVE charges use left hand!



Example

Determine the direction of the unknown variable for a proton
moving in the field using the coordinate axis given

Ty 1 B=-x
) B v="+y
+z X i F=+z
< v A
X XXX
v@@O®® B=+z XX[XX B==
(D@ @ () " v=1x XXIXX v=ty
OE®E F- KX XXX F=x
COJOXOJXO, ¥



Magnetic Force and Circular Motion

@ d » X X XX @X X X Suppose we have an electron
e RN

Fg

N\

traveling at a velocity , v, entering a

/)/( XXXXIXXX X\\ magnetic field, B, directed into the

(\) page.

@ FB >V < FB
XXXXXXXXX T

\
Fg

/
/

\
XXX XXX XXX The magnetic force is equal to the

centripetal force and thus can be used to
solve for the circular path. Or, if the radius
1s known, could be used to solve for the

MASS of the ion. This could be used to
determine the material of the object.

There are many “other”
types of forces that can be
set equal to the

magnetic force.




Example

A singly charged positive ion has a mass of 2.5 x 10-% kg. After being accelerated
through a potential difference of 250 V, the ion enters a magnetic field of 0.5 T,
in a direction perpendicular to the field. Calculate the radius of the path of the
ion in the field.

g=1.6x10"C . W e
_ p_my .My e need to
m=2.5x10"kg Ratie s r ok 4B solve for the
AV = 2501 velocity!
B=0.5T
i 2.5x107%°)(56,568
r=7 : p=t (f . 10_1)5)5(65; S
: 6x .
ﬂy = W == M = 2m'l"_
q9 4 q

2AVg  [2(250)(1.6x107")
V= —— 5 54102 =56,568 m/s



In the presence of both an electric field E

and a magnetic field B , the total force F

exerted on a charge q moving with velocity v is

Fr - Qﬁ '|' Q'(ﬁ X E) o7 ﬁ - qf: '|' Q(EAE) which is often called the Lorentz force.



Magnetic Force on a Current-Carrying Conductor

B =y R F_=qv,B Force onone charge
X W X M X W
- Total force: F, = (nAl)(gqv,B) Drifi w'm“r;_j e W
of charge A %
n = number of charges per unit volume e ”

A [ = volume x x x| Xgp ¥ [x x

X xe o I X
sz(”qvﬂr)(ﬂ)“ﬂ): 1A (EB)ZHB {BJ-WiI'E) it H*?_é‘:{ w X
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*, 2 H, H, = -, ,
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In general: X X X X—% X X
B

> , A

F=IIB, =1IBsing@
Magnetic force on a straight wire segment:
F =11 xB|

Magnetic force on an infinitesimal wire section:

C_dF =1l xB 3 Laplace’s law




@ s The Biot-Savart Law

Based on guantitative experiments, Biot and Savart were able to arrive at a math-
ematical expression that describes the magnetic field at any point in terms of the
current or the charge that produces the field.

Consider a point P at a distance r from: (a) an element 5 chosen in the direction
of a steady current I, (b) a point charge g moving with velocity v, see Fig.
Biot and Savart proposed that the magnetic field produced by the element, or by the

charge. would be:

— oy lds Xu, o pagvXu,
dB = and B = (Biot-Savart law)
dr ¥l A r?

—

where 1l . is a unit vector directed from d5 or g toward point P. The product [ d5” is
called the differential current elemeni, and g, 1s a constant called the permeability

of free space” which has the exact value:

o = 4w »x 10T T.m/A



Some Applications of the Biot-Savart Law

2.Magnetic Field Surrounding a Thin Straight Wire 1.Magnetic Field on the Extension of a Straight Wire
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5. Magnetic Field at the Center of a Circular Wire Loop
3. Magnetic Field Surrounding a Very Long Straight Wire
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6. Magnetic Field on the Axis of a Circular Wire Loop

4. Magnetic Field Due to a Curved Wire Segment
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