


Chapter two Sources of the Magnetic Field

Contents of chapter tow

2.1 Magnetic Field Surrounding a Thin Straight Conductor

....................................... 23
2.2. Magnetic Field Due to a Curved Wire Segment..........cccceeveremrrcnnsnscnisnnsnnsssesneesns 26
2.3. Magnetic Field on the Axis of a Circular Current LOOp.......ccccoeeervecnrrnsnnnecsseeseesnes 27
2.4. The Magnetic Force between Two Parallel Conductors.........ccceveevniriinnncensennnas 29

22



Chapter two Sources of the Magnetic Field

Sources of the Magnetic Field

2.1. Magnetic Field Surrounding a Thin Straight Conductor

Example 1: Consider a thin, straight wire carrying a constant current | and
placed along the x axis as shown in Figure 2.2. Determine the magnitude and

direction of the magnetic field at point P due to this current.
Solution: From the Biot—Savart law, we expect nf
that the magnitude of the field is proportional to 1951 =%
the current in the wire and decreases as the
distance from the wire to point P increases. We /
start by considering a length element ds Located a ?/,9
distance r from P. ey

r,’ a

-—I - I

The direction of the magnetic field at point P due to the current in this
element is out of the page because ds x 7 Is out of the page. In fact,
because all of the current elements I ds lie in the plane of the page, they all
produce a magnetic field directed out of the page at point P. Thus, we have
the direction of the magnetic field at point P, and we need only fiend the
magnitude. Taking the origin at O and letting point P be along the positive
y axis, with k being a unit vector pointing out of the page, we see that
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Figure 2.3
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ds X 7 = |ds x 7|k = (dx sinf)k

Where represents the magnitude of ds X 7. Because 7 is a unit vector, the
magnitude of the cross product is simply the magnitude of ds, which is the
length dx.

dB = (dB 'IE—”OI dxsinBE
= (dB)k =

rz

_ Kol dx sinb

dB
41 T2

(D)

2.3 JSAl e Ay 15 dS 0o IS i o) Jsla Y

. a
sinf@ = — S>r= > r=acsco........2

sin@

Because tan@ = -— From the right triangle

—X
In Figure (the negative sign is necessary r a
Because ds are located at a negative value of x), 0
ds = dx
We have x = —a cot6
a —a
tan@ = — =Sx= = x=-acotf ... ....(3)
—X tan@
. dx = acsc?6de ......... (4)  (the cot@ derivative is -csc?0d0)

\ ‘udh.dé €9V 5 Y dalea puai 0N
Substitution of Equations 1 we get:

_ uol acsc*0dOsin®  p,l
" 4m  (acsc 9)2  4ma

dB sinfdo ... ... .. (5)

0, N 0y (e JAlSi @ ysiciall e Jah Alibaall Consial (Y
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An expression in which the only variable p
Is . We now obtain the magnitude of the
magnetic field at point P by integrating ’ \\

Equation 2 over all elements, where the P AN
subtending angles range from 0:to 0> as ./7 01 \1)92 .
defined in Figure 2.3

Fig. 2.3

dB =

02
in0do
yrp— Ll sin

I
= % (cos01 — cos02) ...... 6

1aa Ul o sall ) o) S s 3

We can use this result to field the magnetic field of any straight current-
carrying wire if we know the geometry and hence the angles 0. and 0..
Consider the special case of an infinitely long, straight wire. If we let the
wire in Figure 2 become infinitely long, we see that :=0 and 0,= = for
length elements ranging between positions x = —co and x = +co.

Because (cos 01 - cos 02)
= (cos0 - cosx) =
=(1-(-1) =2

Equation 6 becomes

— Hol
oma
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2.2. Magnetic Field Due to a Curved Wire Segment

Example 2: Calculate the magnetic field at point O for the current-
carrying wire segment shown in Figure 2.4. The wire consists of two
straight portions and a circular arc of radius R, which subtends an angle 0.
The arrowheads on the wire indicate the direction of the current.

Solution:
cl:.\é.q MW A Jad (wm

1- AA With a unit area ds;
2- €C With a unit area ds;
3- AC W.ith a unit area dss

Ly
ds2

C

The magnetic field at O due to the current in the straight segments A4 And
CC Is zero because ds is parallel to r* along these paths; this means

dsi// 71 == ds; x7=0
i ST ] sind =0
dSz//TA'z => ds, xt =0

Andds; L 73 ==y ds; x7 =ds sing0 =1

That ds x 7 = 0 . Each length element ds along path AC is at the same
distance R from O, and the current in each contributes a field element dB
directed into the page at O.

Furthermore, at every point on AC, ds is perpendicular to # Hence, hence,
|ds X | = ds using this information and Equationl, we can find the
magnitude of the field at O due to the current in an element of length ds:
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ds= Rdo

Now from Bio- Savart law ds
I ds x 7 de
ud ds xr

B =

d 4w r?
_ MoI Rd6

9B =4n 2

Because | and R are constants in this situation, we can easily integrate this
expression over the curved path AC:

7]

pol
B = B =
jd 4R Jd@
0
pol
B =
4R
Or

_ Mol _ - _
B = ey S remember that ds= Rd@ is equal to S=R9

Where we have used the fact that s = RO with measured in radians. The
direction of B is into the page at O because ds X # = 0 is into the page for
every length element.
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2.3. Magnetic Field on the Axis of a Circular Current Loop

Example 3: Consider a circular wire loop of radius R located in the yz plane

and carrying a steady current 1, as in Figure 2.5. Calculate the magnetic field
at an axial point P a distance x from the center of the loop.

Solution: In this situation, every length element ds is perpendicular to the
vector 7+ At the location of the element.

2.5 M\gw?@d\ah}&‘gdwgAde)LMde\Aj\a&‘;j

|ds X 7| = ds sin90° = ds
Furthermore, all length elements around the loop are at the B = B,i Where

X saall olaily 58 Jshasan 5 01 B Jlanall olas

B, =dBsin@

B, = dB cos 0

B,=0 R [

4on gall 4 pall 2B anllud) 4K ) g
I dssin 6 X

B =t 22207 Biot- saver...... (1)

41T r2

__ Mol [ dssin
B, =7-¢

AT r2
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But 2 =x% + R? .......... (3)

R

(x2+R%)/2

Sin@ =

Put equation (3) and (4) in (2)

x 4n (x2+R2). (x2+R2)1/2 ......... ( )

And we must take the integral over the entire loop. Because 0, x and R are

, _ R
constants for all elements of the loop and because sin 8 = Torm we
obtain

IR
B, = o 3 jg ds
2.,3/2
4m(x* + R")

Where we have used the fact that ¢ ds = 2mR (the circumference of the
loop).

B, = % 27R ... (6) Jish ainwe cllul bzl Jial
4(x2+R?)

uOInR2

B, =

- (7
2(x2 +RY)”

To find the magnetic field at the center of the loop, we set x = 0 in Equation
1 at this special point, therefore,

w1
By =3% . )

H.W. Prove that 61— 0, s figure2s
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2.4. The Magnetic Force between Two Parallel Conductors

Example 4.
Consider two long, straight, parallelwires separated by a distance and
carrying currents I and |2 in the same direction, as in Figure 2.6.

1-|\|
T ——
2 | F1 ‘a 1

; \
Iz
Figure 2.6

@isee B ounlaling Jlae lliay W2 Lol sl WL Lol sl e W2 Lol sl s Bl Alls &
i AW J) (oS 1), mslalinad) Jlaall jumall g allall oda 3 ey g W1 Lol sV e
alalaad)l ) aliiah g 4w yall

F=1LxB ........... (*) H.W prove

We can determine the force exerted on one wire due to the magnetic
field set up by the other wire. Wire 2, which carry a current I. and is
identified arbitrarily as the source wire, creates a magnetic field B, at the
location of wire 1, the test wire. The direction of B: is perpendicular to wire
1, as shown in Figure 2.6.

According to Equation Fg = IL X B, the magnetic force on a length of
wire 1is:

Fi=1,4XB, .............. Vsl (e Y sl Ledabiy ) 4 aliaall o gl
Because ¥ is perpendicular to B: in this situation,
I
(]

. .. N
the magnitude of B is given by Equation = oma

the magnetic field for long wire we see that
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/NP
Fi=1,xB, =1,¢ (2?‘[61)

141
F1 = (M)'g ............ (1)

2ma

The direction of F is toward wire 2 because B, is in that direction. If the
field set up at wire 2 by wire 1 is calculated, the force F2 acting on wire 2 is
found to be equal in magnitude and opposite in direction to F1. This is what
we expect because Newton’s third law must be obeyed.

Y sl e ) sl e e o Al o il Ll ks

Fp= (22 @)

2ma

If F;=F,andisequalto Fg

Because the magnitudes of the forces are the same on both wires, we denote
the magnitude of the magnetic force between the wires as simply Fgs. We
can rewrite this magnitude in terms of the force per unit length:

o 5l (5 555 ( padatie ossbaliie Jlava) oustalital) Jlaall il g (pSLAY 3l i ey Laic
Fo (ssbui s 4l (5 sl (I 5¥) dgunlalizall

E — ”01112
£ 21a

)

When the currents are in opposite directions (that is, when one of the
currents is reversed in Fig. 2.6 ), the forces are reversed and the wires repel
each other.

CrnSlatia Ll S A ¢ K dnndalizall o g8l
Parallel conductors carrying currents in the same direction attract each other,

ol el U:’JL“S\ u\s ) ud\;ﬁ UJSL.u Mugi:w\ a}sl\ -V
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The force between two parallel wires is used to define the ampere as
follows: When the magnitude of the force per unit length between two long
parallel wires that carry identical currents and are separated by 1m is 2x10’
N/m, the current in each wire is defined to be 1A.

ALl s sl a3 s Sl Ll S I3 2 ) g e oAl o3 (pe odliaY) (S
ngl.uﬂ(m)d#\};h}‘slf—(N)%w\bﬂ‘wm‘j(lm)ﬁh\)wmw\
JA sl Sl Ll LAl (é 2x107

Prove that F=1LxB......... (*) this relation used to find the current carrying
conductor (C. C. C.) Lies in the magnetic field.

Solution:

Let n = number of charges (N), per unit volume (V) € [
_N _
n=- ... N=nV ......... (3)

Put eq. (6) in (7)
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NAL .e o !
I = — recall that velocity ie equal to: v ==

I=nAve

I
vV= —
nde

F=quB ze(nAL.e).(ﬁ)B

F=LIB
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