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How to find the magnetic field at a nearby point P

1. first mentally divide the wire mto differential elements ds

2. define for each element a length vector ds that has length ds and
whose direction 1s the direction of the current in ds.

3. define a differential current-length element to be i ds

4. calculate the net field B at P by summing, via integration

The magnitude of the field dB produced at P at distance r
by a current length element i:

L ——
\ IS

8 — _ po idssinf| o angle btw d and r
%ltr 4 /-4 Binto W 4ar re o0: permeability const
s 7 —————d page) Ho: p y .
! 'I'.:I n
4 — L 1 ds X r ) 1
dB = > (Biot—Savart law),
dar re
é( \_ Current B g A — 19 6
P o =47 x 1077 T-m/A = 1.26 X 10~°T-m/A

17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 3
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Biot-Savart Law Coulomb Law
for B-Fields for E-Fields
dB = dE = 13
4t r dre, r
dLl |’7 ‘ r
/\J
\A dB Charge distribution
Biot-Savart Requires A Both Are 1/r> Laws!
Right-Hand Rule The rhas no units.

http://www.phys.Isu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 4
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29-2 Calculating the Magnetic Field Due to a Current d

Magnetic field due to a current in a long straight wire
1. The field magnitude B:

Wire with current . .t-'[' ()] [
into the page B —

(long straight wire)

2mR

R: perpendicular distance
of the point from the wire
I,: permeability constant

i Grasp the element in your right hand with your
% extended thumb pointing in the direction of the
. &Zﬂ current. Your fingers will then naturally curl
-BT - around in the direction of the magnetic field lines
| due to that element.

(a) (b)
17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 5
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Is the B-Field From a Power Line Dangerous?

A power line p= M
carries a current of 2PR
500 A. _(4p” 10T xm/A)(5004)
2p(100m)
What Is the =1puT
magnetic field in a
Recall that the earth” s magnetic
house located field is ~10~4T = 100 pT
100 m away from
the power line? Probably not dangerous!

http://www.phys.Isu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
17 December 2018

PHY102 Physics 11 © Dr.Cem Ozdogan 6
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Magnetic field due to a current in a long straight wire

This element of current
creates a magnetic field
at P, into the page.

Fig. 29-5 Calculating the mag-
netic field produced by a current 7 in
a long straight wire. The field dB at P
associated with the current-length el-
ement i d5 is directed into the page,
as shown.

17 December 2018

(s sin 6
dB = o ! .
417 r

- B=2jmdB= woi jm sin 0 ds
0 211' i !'2 )

r= Vs?+ R?

R

sin 6 = sin(w — 6) = :
Vs + R2

> B:Mi F R ds
27 Jo (s* + R?)32

_ Mol s _ Kol
27R | (s* + RH)? |, 2R

Hol
B =
4R

(semi-infinite straight wire).

PHY102 Physics 11 © Dr.Cem Ozdogan
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Magnetic field due to a current in circular arc of wire

Hf;"r iB = o i ds sin 90° _ Mo i :’J’;!.'
F,.;"-.-a - s dr R 47 R~
{ I___jl_':I' T.' {.'--.______ ?.d
. e .'I-
- :

) = i
* Apply right-hand rule anywhere along the wire = all the B~ \
differential fields have the same direction at C (out of the page).  ©

 Total field at C is simply the sum (via integration) of all the differential fields:

¢ o iR de i I"-fﬂ ich
Mo IRC Ll Fo
— B =——
0 dé 4R

B = I dB = __J[] 44r Rz - 4R N

(at center of circular arc)

[

« When you insert data into the equation, be careful to express ¢ in radians!
Ex: at the center of a full circle of current

B — fLoi(27r) _ L
4R ZR

17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 8



1ZMIR
g KATIP CELEBI
UNIVERSITESI

Example, Magnetic field at the center of a circular arc of a circle
The wire in Fig. 29-7a carries a current ¢ and consists of a S m % \ <

circular arc of radius R and central angle 7/2 rad, and two
the arc. What magnetic field B (magnitude and direction) ©

straight sections whose extensions intersect the center C of
does the current produce at C?

N ——~ 7
3

(a)

Straight sections: For any current-length element in sec-
tion 1, the angle 6 between ds and 1 is zero (Fig. 29-7b); so
Eq.29-1 gives us

o idssin B Mo Idssin0

By = dar r? " 4n = =0

Thus, the current along the entire length of straight section 1
contributes no magnetic field at C:
Bl = O.

The same situation prevails in straight section 2, where
the angle #between d5 and T for any current-length element
1s 180°. Thus,

82 = O.
17 December 2018

Circular arc: Apphcatlon of the Biot—-Savart law to evalu-
ate the magnetic field at the center of a circular arc leads to
Eq.29-9 (B = ugi¢/4wR). Here the central angle ¢ of the arc
is 77/2 rad. Thus from Eq. 29-9, the magnitude of the magnetic
field 83 at the arc’s center Cis

B, = pol(m2) ol

47R S8R~

To find the direction of B;, we apply the right-hand rule
displayed in Fig. 29-4. Mentally grasp the circular arc with
your right hand as in Fig. 29-7¢, with your thumb in the
direction of the current. The direction in which your fingers
curl around the wire indicates the direction of the magnetic
field lines around the wire. They form circles around the
wire, coming out of the page above the arc and going into
the page inside the arc. In the region of point C (inside the
arc), your fingertips point into the plane of the page. Thus, B,
is directed into that plane.

Net field: Generally, when we must combine two or
more magnetic fields to find the net magnetic field, we must
combine the fields as vectors and not simply add their
magnitudes. Here, however, only the circular arc produces a
magnetic field at point C. Thus, we can write the magnitude
of the net field B as

Boi _ Pl

0+0+L£2 -

B=B, +B,+ B, = =

(Answer)

PHY102 Physics 11 © Dr.Cem Ozdogan
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Example, Magnetic field off to the side of two long straight currents

Figure 29-8a shows two long parallel wires carrying cur-
rents #; and i, in opposite directions. What are the magni-
tude and direction of the net magnetic field at point P?
Assume the following values: i/; = 15 A, i, =32 A, and
d=53cm.

()

The two currents create
magnetic fields that must
be added as vectors to get

the net field.
Finding the vectors: In Fig 29-8a, point P is distance R
from both currents /; and /;. Thus, Eq. 29-4 tells us that at
point P those currents produce magnetic fields B, and B,
with magnitudes

Moz
27R

ol

B:
! 2R

and B, =
In the right triangle of Fig. 29-8a, note that the base angles
(between sides R and d ) are both 45°. This allows us to write
cos 45° = R/d and replace R with d cos 45°. Then the field
magnitudes B, and B, become

Joiz
24d cos 45° 7

_ ol

B, = =
2arcd cos 45

L/ LJELEIIIVEI ZULl0

and B, =

PHY102 Physics 11 © Dr.Cem Ozdogan

Adding the vectors: We can now vectorially add Eﬂ and E}
to find the net magnetic field B at point P, either by using a
vector-capable calculator or by resolving the vectors into
components and then combining the components of B.
However, in Fig. 29-8b, there is a third method: Because B,
and B, are perpendicular to each other, they form the legs of
a right triangle, with B as the hypotenuse. The Pythagorean
theorem then gives us

= VB + B} = 3
211-0’(005 45°) g

(47 % 1077 T-m/A)V(15 A2 + (3
(27)(5.3 X 1072 m)(cos 45°)

= 1.89 X 107*T = 190 uT.

The angle ¢ between the directions of B and B, in Fig. 29-8b
follows from

+ i3

2 A)?

(Answer)

B
— (i -
b= B,
which, with B, and B, as given above, yields
[ 15 A
= tan! - = tan™! = 25°.
[0 an 3 an DA

The angle between the direction of B and the x axis shown
in Fig. 29-8b is then

¢ + 45° = 25° + 45° = T0°. (Answer)

10



7
To find the force on a current-carrying wire (b) due to another current-carrying
wire (a):
1. find the field due to «wire a» at the site of «wire b».
2. find the force on «wire b» due to magnetic field produced by «wire a»

| = e M itude . Mol
931## — 'r.""fl-' W H”—IH agnituge: [ =

2ad

v N |
The field due to a length vector of D_|rect|on. frorr_l c_urled—stralght
at the position of b the wire right-hand rule it is down
creates a force on b. > ’{\{; —
II - -1 5 1 '] ) "Ei !h'
\“'” Mag.: | K, = i, LB, sin 90)° = H; 1:
| = e

- | Direction: Apply right-hand rule for cross
f;;’ - products - toward wire a

B, (due to i)

Parallel currents attract each other, and antiparallel
currents repel each other

http://www.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 11
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» We can find the net magnetic field due to any distribution of currents by first
write the differential magnetic field due to a current-length:
- pg ids Xt _ then sum the contributions from all the
dB=- (Biot=Savartlaw) - alements. Another approach:

-  The Tine integral in this equation is
5{) B-ds = polen (Ampere’slaw)|  evaluated around a closed loop called
an Amperian loop.
« The current i on the right side is the
net current encircled by the loop.

rd

=i,

In the plane of the page encircles two
of the currents but not the third. ®i,

Ampernan /
loop \ \
Ex: An arbitrary Amperian loop lying | > ®: H _
dr{)/

___.a"(l'Jirr:'ti{:-n of
integration

17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdosan 12
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1. Arbitrarily choose the direction of integration: CCW

2. Divide the loop into differential vector elements (ds)

3. Assume that at the location of the element, the net magnetic field due

to the three currents is B. (Because the wires are perpendicular to the
page, we know that the magnetic field at due to each current is in the

plane, However, we do not know the orientation of B within the plane.)

4. Write the Ampere’s Law: C‘]{J B-ds = C‘]{J B cos Bds = pugiapge

5. At first, no need to know the direction of before integrating; Amperian \ “‘ /

loop

arbitrarily assume B to be in the direction of integration. Then D ®:, fy e
use the curled—straight right-hand rule to assign a + sign or a O, ;!E’M .
(-) sign to each of the currents that make up the net encircled \ o } ,rl';_"_“_[m y
current 7.,.. "~ integration

17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 13



 Curl your right hand around the Amperian loop, with th
the fingers pointing in the direction of integration. Direction of
» A current through the loop in the general direction of l e
your outstretched thumb is assigned a plus sign, and a

current generally in the opposite direction is assigned a M
minus sign.

6. Finally, solve the eqn. for the magnitude.

« If B turns out positive, then the direction we assumed for is correct.

« [f it turns out negative, we neglect the minus sign and redraw in the opposite
direction. P Py

f# B-ds = 3{::

B cos Ods = pgi,,. fone = 1) — Iy fﬁl Bcos @ds = uyli; — i,)

 The contributions of current i, to the magnetic field cancel out because the
Integration in eqn is made around the full loop.

* In contrast, the contributions of an encircled current to the magnetic field do
not cancel out.

17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 14
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Magnetic Field Outside a Long Straight Wire with Current

All of the current is 1. Look for the symmetry to simplify the integral:
encircled and thus all _ ] ]
is used in Ampere's law. B has cylindrical symmetry about the wire.

. 2. Encircle the wire with a concentric circular

surface = same magnitude B at every point on the loop.

S

N,

,{m %z mopertzn Amperian loop of radius r = magnetic field has the

3. Integrate CCW

4. No-t-(-z- that mag. Field is tangent to the loop at every point along the loop =
B and d3 are either parallel or antiparallel at each point of the loop.
arbitrarily assume that B and ds are parallel 2 ©6=0 = cos0=1

#> B-ds = 4> B cos 0 ds = 13<f> ds = B(2mr) _
3 3 E _J'_-L-]!'

right-hand rule gives us a B BQm) =i B B =
plus sign for the current
17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 15
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Magnetic Field Inside a Long Straight Wire with Current

Only the current encircled 1. current is uniformly distributed over a cross
iy the 'fjﬂrlﬂ is used in section of the wire = the magnetic field produced
L by the current must be cylindrically symmetrical.
T,
/ By, wi 2.UseanAmperian loop of radius r <R
3 surface

a 3. Symmetry again suggests that B vector is
| tangent to the loop

— Amperian f# E rds = Bf# ds = B[.ET’F"J'

— loop

4. current is uniformly distributed, the current i, encircled by P 7r’
the loop is proportional to the area encircled by the loop she TRz

5. right-hand rule tells 1., gets a plus sign. Then Ampere’s law gives:

. mr- | |"|I!:
B(2mr) = [TRY R B = ( Eiﬁz )J" (inside straight wire)

17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdosan
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29-4 Ampere’s Law 7 e
Example, Ampere’s Law to find the magnetic field inside a long cylinder of current

Figure 29-15a shows the cross section of a long conducting § B-ds = poi...,
cylinder with inner radius ¢ = 2.0 cm and outer radius
b = 4.0 cm. The cylinder carries a current out of the page,
and the magnitude of the current density in the cross sec- BQ2mr) = —MTWC (r* —a®.
tion is given by J = ¢/, with ¢ = 3.0 X 10° A/m* and r in , o ,
meters. What is the magnetic field B at the dot in Fig. Solving for 5 and substituting known data yield
29-15a, which is at radius r = 3.0 cm from the central axis B = —‘Z—"C (r* — a*)

of the cylinder? '

gives us

(47 X 10 7 T-m/A)(3.0 X 10° A/m*)
Amperian 4(0.030 m)

loop X [(0.030 m)* — (0.020 m)*]
‘ 0 = —2.0Xx 10 °T.
e

Thus, the magnetic field Bata point 3.0 cm from the central
axis has magnitude

B=20x10°T (Answer)
{b] We start with a ring
(.-_‘3] that is so thin that
We want the So, we put a concentric We need to find the we can approximate
i " ‘M 1 1 magnetic field at Amperian loop through current in the area the current density as
ca’cu’at’ons. € Wnte the lntegra]' as the dot at radius r. the dot. encircled by the loop. being uniform within it.
r 5
. 2 Amperian
— — 1
lone = j] dA = j cr*(2mr dr) G2 ==
a Y >
r r 4 |Ir i o o o
— 3 — Its area dA is the The current within the Our job is to sum ... to this largest
ZWC r dr 217(’. 4 product of the ring's ring is the product of the currents in all one, which has the
a a circumference the current density J rings from this same radius as the
and the width dr. and the ring's area dA. smallest one ... Amperian loop.

el W)
2 ’ .

17 December 2018 PHY102 Physics Il © ur.cein uzaogan « “ L7
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A vertical cross section through
the central axis of a “stretched-

:
{

—
Fy
_,..-/

!

P S N R S R
s .\ @) @) (e (@) ()}
out” solenod: > N/
« The back portions of five turns- : __;__:__ ;__I__ —-
are shown, as are the magnetlc = '_ TREN e BN

.-‘/-\\.|
i @ Tl

i !

RN

|

lk_‘,'”ﬁ(&'ﬂ? 1

—ﬂ-——'ﬂ

+

('5
\..4
| '/.-= vl
|4@”'

field lines due to a current |

Solenoid: t|gh’[|y through the solenoid. 4 -

wound helical * The solenoid’s magnetic field is the vector sum of the fields

roduced by the individual turns (windings) that make up the
coll of wire Eo,enoid_ Y ( 9°) P

 Each turn produces circular magnetic field lines near itself and the
) lines of B there are almost concentric circles.

4 Py . . . . .
/ _«— ™ * Near the solenoid’s axis (reasonably far from the wire), the field

L. oo . )« lines combine into a net magnetic field that is directed along the
=—— » —— = axis. B is approximately parallel to the (central) solenoid axis.
4« Theclosely spaced field lines there indicate a strong magnetic field.
\ T~ /, » QOutside the solenoid the field lines are widely spaced; the field there
S ! ~ Isvery weak.

. Magnetic field lines |for a real solenoid of finite length: The field is strong and uniform
at interior points such as P, but relatively weak at external points such as P.,.

17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 18
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Application of Ampere’s law to a section of a long ideal r
- - - - |il = =4 — '
solenoid carrying a current i n,l : ||, | #J B-ds = pgla.
i
The Amperian :I_I._-"'?|1-|l-|!|!|!|!|!|!|!|!|ll'|l-|f|l-|l-|l-|l'|'ll|!|!|l'|!|!|!|:I_|:: '!:cnn:' — E:(Hh}
loop is the i - |
rectangle abcda £ II - i b Here n be the number of turns
\ - | per unit length of the solenoid

|
—h L T
_Mylm s se]ocfoc] ] oef o] om] ] o] o] o] e [ [ e e e o [ e e o o]

* We write ¢E-45 as the sum of four integrals, one for each loop

™ b e ) “a
EPE-H’E = I B-ds + I B-ds + I B-ds + I B-ds.
Ja Sl S o
1. The first integral on the right of equation is Bh, where B is the magnitude of the uniform field
B inside the solenoid and h is the (arbitrary) length of the segment from a to b.
2. The second and fourth integrals are zero because for every element ds of these segments, B
either is perpendicular to ds or is zero, and thus the product B eds is zero.
3. The third integral, which is taken along a segment that lies outside the solenoid, is zero
because B=0 at all external points.
Thus, ¢ B-ds for the entire rectangular loop has the value Bh.
 Inside a long solenoid carrying current i, at points not near its ends, the magnitude B of
the magnetic field is

Bh = uginh

B = pgin (ideal solenoid)

17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 19
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» What magnetic field is set up inside the toroid (inside the
hollow of the bracelet)?
» * We can find out from Ampere’s law and the symmetry of
| 1 the bracelet.
 Let us choose a concentric circle of radius r as an
Amperian loop and traverse it in the clockwise direction.

Toroid: hollow solenoid curved Ampere’s law yields
until its two ends meet, forming
a sort of hollow bracelet. (B)(27r) = ugN, B =

I; current in the toroid wi
N: total number of turns

e |n contrast to the situation for a solenoid,
B Is not constant over the cross section of
a toroid.

Horizontal cross section of the toroid.

17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdosan 20
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29-5 Solenoids and Toroids 4

Sample Problem

The field inside a solenoid (a long coil of current)

A solenoid has length L =123 m and inner diameter
d = 3.55 cm, and it carries a current i = 5.57 A. It consists of
five close-packed layers, each with 850 turns along length L.
Whatis B atits center?

KEY IDEA

The magnitude B of the magnetic field along the solenoid’s
central axis is related to the solenoid’s current i and number
of turns per unit length n by Eq.29-23 (B = win).

Calculation: Because B does not depend on the diameter of

the windings, the value of n for five identical layers is simply

five times the value for each layer. Equation 29-23 then tells us

5 X 850 turns
1.23 m

=242 X 1072T = 242 mT. (Answer)

B = pgin = (47 X 1077 T-m/A)(5.57 A)

To a good approximation, this is the field magnitude through-
out most of the solenoid.

http://www.phys.Isu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
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Force Between Parallel Currents
The magnitude of the force on a length L of

The Biot-Savart Law
The magnetic field set up by a current-

carrying conductor can be found from the either M 125,18, sinooe = & %‘:"T;E Eq. 29-13
Biot—Savart law. Ampere’s Law
- ids X f ’
4B = ::L; : Eq. 29-3 Ampere’s law sta’ies t.hat, |
The quantity y,, called the permeability _ Brde= kolee EQ. 29-14
constant, has the value Fle_lds of a Solen_0|d angl a Tor0|d_
4 X 107 T-m/A = 126 X 106 T-m/A. Inside a long solenoid carrying current i, at

Maanetic Field of a Lond Straiaht points not near its ends, the magnitude B of
J J J the magnetic field is

Wire B = pyin Eq. 29-23

For a long straight wire carrying a current 5, o point inside a toroid, the magnitude B
|, the Biot—Savart law gives, of the magnetic field is

Mol Eq. 29-4 iN 1 ]
B = g = #iN 1 Eq 2924
2mR | . 27 -
Magnetic Field of a Circular Arc ~ Fleld of a Magnetic Dipole

The magnitude of the magnetic field at the The magnetic field produced by a current-
center of a circular arc carrying coil, which is a magnetic dipole, at a

thoidh point P located a distance z along the coil’'s

B=- % EQ.29-9  perpendicular central axis is parallel to the
axis and is given by B(z) = Mo B Eq. 29-9
27 7

18 December 2018 PHY102 Physics Il © Dr.Cem Ozdogan 22
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1. AK 28 * Asmall current element [ d€ with d¢ = 2 mmk _apd
' I =2A,is centered at the origin. Find the magnetic field dB at
the following points: (a) on the x axis at x = 3 m, (b) on the

xaxis atx = —6 m, (c) on the z axis atz = 3 m, and (d) on the
yaxisatv =3 m.

.y, IdIxF dB(3m.,0,0)= (0.400nT - m? ) X7
a %
o A) 2 mmk xF =| (sdapTy
=(107"N/A )( I 5 . ] )
;3 b) 7 =—(6m)i, r=6m,and #=—i
Nkxr L bR
=(0.400nT -m* == i x|
r dB(-6m,0,0)=(0.400nT -m* ,
(6m)°
F=(3m)1:.r=3m,andi=t: =| -(11.1pT);
Q) ;9 : -
F=@mk, r=3m and 7=k F=(3m)j,r=3m,andr=j
o dB(03m.0)= (0.4000T .m*) F*S
” N\ xk (3m)
dB(0,0.3m)=(0.400nT -m* = ;
. (3m) | —(444p1)i |
=[o
17 December 2018
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29 Solved Problems 4

2. In Figure, two semicircular arcs have radii R,=7.80 cm and

7

R,=3.15 cm, carry current i=0.281 A, and share the same 7
center of curvature C. What are the (a) magnitude and (b)
direction (into or out of the page) of the net magnetic field
at C?

2.(%)

d < dsx?
B = f‘z_‘;, ri b JB- ,éfa_.{a/sfoﬁo = Mo —/5/5 ;JS-&/¢

: BN

|'|'

~ . Ml
Lgmz‘» Savar? ww ) Q, o R
B Clg L'{ RC/é Mo .
—> So M/Mt f / 4(72 d a:,}é

- 7'61‘75"’0’” %) B=4+8, - &177 Mo+ 77

,Q, - 3./Sw10 m YT7R,  LAR,
A 0.28(A wf do 4715 T AN 2BIA) -l—m)

2ISAb 23R
@) wh Yeppr K'/’” B

17 December 2018 PHY102 Physics 11 © Dr.Cem Ozdogan 24



3. AK

B on the ax\s of a Circular l|0op
T2 x*+ R ,dg.l.?‘ - MOT IAEX?L‘__ M dS‘
Id§x?l=ds lCJBl: 41? TrL — 4'“— YI'I'P}
by Symmetty By =fulBy=0
JdB B Tg‘: th , Bx:JJBx_ ) JB,FABCOSG

\\\\ wI [ ds cos®
S A B( = éclB COSQ -_'-[Fr— X-L* R"

9, X oand R :ConSL-oj nteq.
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4. In Figure, two long straight wires are perpendicular to the "' ™ ' ®
page and separated by distance d, = 0.75 cm.Wire 1 carries
6.5 A into the page. What are the (a) magnitude and (b)
direction (into or out of the page) of the current in wire 2 if p
the net magnetic field due to the two currents is zero at
point P located at distance d, = 1.50 cm from wire 2? P
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5. In Figure shows wire 1 in cross section; the wire is long I8
— 0

and straight, carries a current of 4.00 mA out of the page, 2
and Is at distance d; = 2.40 cm from a surface. Wire 2, SR —

which is parallel to wire 1 and also long, is at horizontal
distance d, =5.00 cm from wire 1 and carries a current of
6.80 mA into the page. What is the x component of the
magnetlc force per unit length on wire 2 due to wire 17

6(35) [ F = éz_xg ~fore on wive b due fo m MC/MWW
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6. Figure shows a cross section across a diameter of a long PO
cylindrical conductor of radius a=2.00 cm carrying ;NG Y
uniform current 170 A. What is the magnitude of the | .
current’s magnetic field at radial distance (a) 0, (b) 1.00 \ !

cm, (¢) 2.00 cm (wire’s surface), and (d) 4.00 cm?

2 (43) e
“a‘l opdial, ondictt. GOl pilue T < g, T
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7. The current density J inside a long, solid, cylindrical wire of radius a=3.1
mm is in the direction of the central axis, and its magnitude varies linearly
with radial distance r from the axis according to J = J,r/a, where J, = 310
A/m?, Find the magnitude of the magnetic field at (a) r =0, (b) r = a/2,

and (c)r=a
8l
)oyéw/d WYy ) Bello e Blr)= Mo \Ur)d -
s a) 3.)x10 m % —7_,, ’MK,Z/J'/UZTM{/'
. 3 Tr «-__o_r‘
To-Blo/}/m ~ B(r) ﬂ-[_&fu/ro/rﬂlé_&?f.
2 r‘a/{?-/\* Bg':i) "/00‘7"0‘ = 15152}‘
5-(28) ' w) o f\JB(r—~a) /"103‘50' = 47“0""7,;‘
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Additional Materials
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29-3 Force Between Two Parallel Currents

Projectile
Conducting fuse \‘

. ) Conducting rail
Fig. 29-10 (a) A rail gun, as a current i

is set up in it. The current rapidly causes the (a)
conducting fuse to vaporize. (b) The cur-
rent produces a magnetic field B between
the rails, and the field causes a force F to
act on the conducting gas, which is part of
the current path. The gas propels the pro-

jectile along the rails, launching it. _—Conducting

gas
|

(&)
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29-5 Solenoids and Toroids i

The magnetic fields produced by current in a

v’long straight wire

v’solenoid

v'toroid

NEXT: the magnetic field produced by a coil carrying a current
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a coil behaves as a magnetic dipole in that, if we place it in an external
magnetic field B, a torque acts on it:

= = e E N:number of turns,
L i: current in each turn,
v A:area enclosed by each turn.

magnetic dipole Magnitude: NIiA
moment of the coil

Direction: by curled-straight right-hand rule:

» Grasp the colil so that the fingers of your right hand
curl around it in the direction of the current;

» your extended thumb then points in the direction of
the dipole moment
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29-6 A Current-Carrying Coil ad a Magnetic Dipole i

Magnetic Field of a Coill

The perpendicular
components

Just cancel. We add
only the parallel
components.

Fig. 29-22 Cross section through a cur-
rent loop of radius R. The plane of the
loop 1s perpendicular to the page, and only
the back half of the loop is shown. We use
the law of Biot and Savart to find the mag-
netic field at point P on the central per-
pendicular axis of the loop.

o I ds sin 90°
dB = .
417 r?
[ COS a ds
dBy = dBcosa. =" 5
m™r
r=VR+ Z*
COs R R
a' — — .
r VR + 72
dB, = pok o

4,.”.(R2 + ZE)SJ'Z

B = de”

wolR fd
= 5
fil*:":-(}.'i’2 + Zz)m
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Magnetic Field of a Coil

For simplicity, first consider only a coil with a single circular loop and only points on its
perpendicular central axis, which is z axis.

Magnitude of the magnetic field at such points is: B(z) = ;_{[..E'R;
~ R' ,,:}“ 2

R: radius of the circular loop

z: distance of the point in question from the center of the loop.

« The direction of the magnetic field is the same as the direction of the magnetic dipole
moment of the loop.

ol R
27°

nR? is the area A of the loop and extending our result to include a coil of N turns,

For axial points far from the loop, we have z>>R 2 B(z) =

. NiA
B(z) = ?' En,
27 T
B and g have the same direction. = gy H
S o B(‘--] T 1
i = NiA 2w T
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A /
i) Ho ﬁ . : - \ I:“. e
B(z) =— (current-carrying coil) - —\ \ [/ ——
2 T E 3 i f _..-"' . ,."‘/ H‘-_Il'u 'I Il J I.{I_."'/ Hﬁ"‘"ll\\\\.\l.'l..
/ ! WL "I !
- - |II 'II H III IIIIIII
* We can regard a current-carrying coil as a [ |
magnetic dipole: | * r.( Tﬁ + ;
(1) it experiences a torque when we place itin | ’/f |

an external magnetic field,; L .

(2) it generates its own intrinsic magnetic field, | 1 S0 /
. ; . . . | _-"Iu',' Ill'.ll — _I."l S
given, for distant points along its axis NN\ :,j l ::"\m_ B/
« If we were to place a current- carrying T ""'E!' \\ —
coil in an external magnetic field, it
would tend to rotate just like a bar Fig. 29-21 A current loop produces a
magnet would. magnetic field like that of a bar magnet and

thus has associated north and south poles.
The magnetic dipole moment g of the loop,
its direction given by a curled —straight
right-hand rule, points from the south pole
to the north pole, in the direction of the
field B within the loop.
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Learnin 0 Obj ectives 29.05 For a point to one side of a long straight
29.01 Sketch a current-length element in wire carrying current, use a right-hand rule to

a wire and indicate the direction of the determine the direction of the magnetic field

magnetic field that it sets up at a given Vector.
point near the wire. 29.06 Identify that around a long straight wire

carrying current, the magnetic field lines form
circles.

29.07 For a point to one side of the end of a
semi-infinite wire carrying current, apply the
relationship between the magnetic field

29.02 For a given point near a wire and
a given current-element in the wire,
determine the magnitude and direction
of the magnetic field due to that

element. magnitude, the current, and the distance to the
29.03 Identify the magnitude of the point.

magnetic field set up by a current- 29.08 For the center of curvature of a circular arc

length element at a point in line with  of wire carrying current, apply the relationship

the direction of that element. between the magnetic field magnitude, the

current, the radius of curvature, and the angle
subtended by the arc (in radians).

29.09 For a point to one side of a short straight
wire carrying current, integrate the Biot—Savart
law to find the magnetic field set up at the point
by the current.
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29.04 For a point to one side of a long
straight wire carrying current, apply
the relationship between the magnetic
field magnitude, the current, and the
distance to the point.
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Learning Objectives

29.10 Given two parallel or anti- 29.11 Identify that parallel
parallel currents, find the currents attract each other, and
magnetic field of the first anti-parallel currents repel each
current at the location of the other.
second current and then find the 29.12 Describe how a rail gun
resulting force acting on that works.

second current.
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Learning Objectives
29.13 Apply Ampere’s law to aloop  29.16 Apply Ampere’s law to a

that encircles current.

long straight wire with current,

29.14 With Ampere’s law, use a to find the magnetic field
right-hand rule for determining magnitude inside and outside the
the algebraic sign of an encircled wire, identifying that only the
current. current encircled by the

29.15 For more than one current

Amperian loop matters.

within an Amperian loop,
determine the net current to be
used in Ampere’s law.

17 December 2018
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Learning Objectives

29.17 Describe a solenoid and a 29.20 Explain how Ampere’s law
toroid and sketch their magnetic Is used to find the magnetic field
field lines. Inside a toroid.

29.18 Explain how Ampere’s law 1s 29.21 Apply the relationship
used to find the magnetic field between a toroid’s internal
Inside a solenoid. magnetic field B, the current i,

29.19 Apply the relationship the radius r, and the total
between a solenoid’s internal number of turns N.

magnetic field B, the current I,
and the number of turns per unit
length n of the solenoid.
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Learning Objectives
29.22 Sketch the magnetic field lines  29.24 For a point along the

of a flat coil that is carrying central axis, apply the
current. relationship between the

29.23 For a current-carrying coil, magnetic field magnitude B,
apply the relationship between the the magnetic moment 4, and
dipole moment magnitude x and the distance z from the center
the coil’s current I, number of of the coll.

turns N, and area per turn A.
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