Test rooms:

e Instructor Sections Room
e Dr. Hale F H 104 Physics
e Dr. Kurter B, N 125 BCH
e Dr. Madison K, M 199 Toomey
e Dr. Parris J, L B-10 Bertelsmeyer*
e Mr. Upshaw A CE G G-3 Schrenk
e Dr. Waddill D 120 BCH
e Special Accommodations Testing Center
(Contact Dr. Voijta a.s.a.p. if you need
accommodations different than for exam 1)
*new room

Exam 2 will cover chapters 24.3 to 27
(energy stored in capacitors to forces and torques on currents)




Today’s agenda:

Magnetic Fields Due To A Moving Charged Particle.

You must be able to calculate the magnetic field due to a moving charged particle.

Biot-Savart Law: Magnetic Field due to a Current Element.
You must be able to use the Biot-Savart Law to calculate the magnetic field of a current-
carrying conductor (for example: a long straight wire).

Force Between Current-Carrying Conductors.
You must be able to calculate forces between current-carrying conductors.

*last week we studied the effects of magnetic fields on charges, today we learn how
to produce magnetic fields



Magnetic Field of a Moving Charged Particle

: r
e moving charge creates \

magnetic field

L is a constant, u,=4nx107 T-m/A

Remember:

N - . .
As in lecture 14: Motion with respect to s unit vector from source point
what? You, the earth, the sun? (the thing that causes the field)

: . ) . to the field point P
Highly nontrivial, leads to Einstein’s (location where the field is being

theory of relativity. measured).




Detour: cross products of unit vectors

AN

e need lots of cross products of unit vectors |, j, k

Work out determinant:

N
=

i
Example: IQx(—J)=det 0
0

N\
Use right-hand rule: * |



Detour: cross products of unit vectors

Cyclic property:

“forward” “backward”
| _3 Kijk i jKijk



Example: proton 1 has a speed v, (vy<<c) and is moving along
the x-axis in the +x direction. Proton 2 has the same speed and
is moving parallel to the x-axis in the —x direction, at a distance

r directly above the x-axis. Determine the electric and magnetic
forces proton 2 at the instant the protons pass closest to
each other.

This is example 28.1 in your text. y
.......... e
s

*Z

| Homework Hint: this and the next 3 slides! |




Electric force on proton 2:

o Electric field due to proton 1 at the position of proton 2:

E_lq 163
147:8r 41t8r

e this electric field exerts a force
on proton 2

IE—qE—elej—lej
- ' 4TCSOI’2 4rne, r’

*Z



Magnetic force on proton 2:

emagnetic field due to proton 1 at the position of proton 2

> _ Mo q1\71><|c
B1_

4 r?
él _ Ho evoixj
4t r
— ev A
Bl — Ho 0 k

4rt r?

*Z



Proton 2 “feels” a magnetic force due to the magnetic field of
proton 1.

IE|3=C|2\72><B1
— A ev A
F.=ev (—I)x Ho =¥
B 0 (4% r?
2.2
— VvV
F=to E Y0
4t r

What would proton 1 “feel?”

*Z



e both forces are in the +y direction
e ratio of their magnitudes:

2,,2
/Ho € Vo\

FB _ \47’[ r2 )
FE (1 e
\47’[80 r2)

— = SV
FE HoSo Vo

Later we will find that
1
c

HoSy —

*Z



Thus I:—B=
-~ C

|<
N|jo N

If vy=100 m/s, then
2
F, __(10°)

> =1.11x107
E (3><10 )

What if you are a nanohuman, lounging on proton 1. You
rightfully claim you are at rest. There is no magnetic field
from your proton, and no magnetic force on 2.

Another nanohuman riding on proton 2 would say “I am
at rest, so there is no magnetic force on proton,
even though there a magnetic field from proton 1.”

This calculation says there is a magnetic field force.
Who is right? Take Physics 2305/107 to learn the answer.

*Z

I Or see here, here, and here for a hint about how to resolve the paradox. I



http://www.pa.msu.edu/courses/1997spring/PHY232/lectures/induction/motional.html
http://en.wikipedia.org/wiki/Magnetic_field#Electric_and_magnetic_fields:_different_aspects_of_the_same_phenomenon
http://en.wikipedia.org/wiki/Electromagnetic_field_tensor

Today’s agenda:

Magnetic Fields Due To A Moving Charged Particle.

You must be able to calculate the magnetic field due to a moving charged particle.

Biot-Savart Law: Magnetic Field due to a Current

Element.
You must be able to use the Biot-Savart Law to calculate the magnetic field of a current-

carrying conductor (for example: a long straight wire).

Force Between Current-Carrying Conductors.
You must be able to begin with starting equations and calculate forces between current-
carrying conductors.




Biot-Savart Law: magnetic field of a current element

current I in infinitesimal length d¢ of wire gives rise to magnetic

field dB
I‘\ dB = Zlo I d[;xl’
Y dB TC I

Biot-Savart Law

di Derived, as in lecture 15, by summing
contributions of all charges in wire element

N

You may see the equation written using r =rr.



Applying the Biot-Savart Law

\e ds xf|=|ds| |f| sin 6

=dssin® because M =1

4B = Mo Idssin®
4t r
B=[dB

Homework Hint: if you have a tiny piece of a wire, just calculate dB; no need to integrate.




Example: calculate the magnetic field at point P due to a thin

straight wire of length L carrying a current I. (P is on the
perpendicular bisector of the wire at distance a.)

Y
P . - -~ A
" “dB dB = Mo Ids;xr
r,/', 47t r
/o A
PN dsxr=dssinf k
0\ . X
'ds iZ :
T dB = Mo Ids 2smE)
fx ___________ R At
L
ds is an infinitesimal quantity in the direction of dx, so
4B = Mo I dx sin6

4r r?



sing =2 r=x?+a’ dB=uoIdX25II‘IO
r A1t r
__\‘y u, Idxa p, Idxa
@dB dB= 3 32
dn r 4m (x +a )
r,' .
Sl
A ' X 2, Idxa
B TS . B= J-L/Z 40 372
ds 2 — T (x*+a’)
I
X
___________ L7 Ia .2 dX
B _ HO J-



Ia (L2 dx
P‘\?y 5= Hgln j'L/Z 2 4 52\"*
®dB (x* +a*)
r 2 look integral up in tables, use the
: 6 ; web,or use trig substitutions
""" : @ZX dx X
ids ¢ 1 -[ 2 0 22V 2(y2 4 2\
— (x*+a®)" & (x*+a’)
e — R
L/2
_hola X

-L/2



http://www.efunda.com/math/integrals/integrals.cfm

P‘\i
®dB
o
;o
/AN X
LX
L




P—
thdB

¥ig g Ml 1
. 27a 2
/0 X \/]_+4a2

..... @
X & .
T L

When L—w, B = &
21a



Magnetic Field of a Long Straight Wire

We've just derived the equation for the magnetic I 1
field around a long, straight* wire...

1 >

— o~ r is shortest (perpendicular) distance B
2nr between field point and wire S |

.
. . . . \\} " o h I ‘6
...with a direction given by a “new” right- -

hand rule.

link to image source

*Don’t use this equation unless you have a long, straight wire!



http://upload.wikimedia.org/wikipedia/commons/thumb/3/3e/Manoderecha.svg/407px-Manoderecha.svg.png

Looking “down"” along the wire: N
/ g I \\\
« magnetic field is not constant ] ! @1\, TB
1\\\ t\\n.;; /'I
« at fixed distance r from wire, )
Te - ——p

magnitude of field is constant
(but vector magnetic field is not uniform).

« magnetic field direction is a tangent to imaginary circles
around wire



Example: calculate the magnetic field at point O due to the wire
segment shown. The wire carries uniform current I, and

consists of two radial straight segments and a circular arc of
radius R that subtends angle 6.

A’ I see three “parts” to the wire.
A to A
A /
Ato C
/ C’ ,
ll/\e//,, C I CtoC
LR
O As usual, break the problem up

into simpler parts.



Example: calculate the magnetic field at point O due to the wire
segment shown. The wire carries uniform current I, and

consists of two radial straight segments and a circular arc of
radius R that subtends angle 6.

C|§= Lo Id§><f‘
At r?

For segment A’ to A:

‘dgxf

=ds Hsin0=0




Example: calculate the magnetic field at point O due to the wire
segment shown. The wire carries uniform current I, and

consists of two radial straight segments and a circular arc of
radius R that subtends angle 6.

C|§= Lo Id§><f‘
At r?

For segment C to C":

‘dgxf

=ds Hsin 180°=0




Example: calculate the magnetic field at point O due to the wire
segment shown. The wire carries uniform current I, and

consists of two straight segments and a circular arc of radius R
that subtends angle 0.

Important technique, handy for
homework and exams:

The magnetic field due to wire
segments AA and CC' is zero
because ds is either parallel or
antiparallel to r along those
paths.




Example: calculate the magnetic field at point O due to the wire
segment shown. The wire carries uniform current I, and

consists of two radial straight segments and a circular arc of
radius R that subtends angle 6.

C|§= Lo Id§><f‘
At r?

For segment A to C:

ds xf| =ds [f|sin 90°
=ds (1)(1)
=ds

‘dI-S’Ac‘ =dB,. = Ho 105

4t R’



Direction of dB

Cross ds into r.
Direction is “into” the page, or ®,
for all wire elements.

R4 \ 0 .-
\ ¢ If we use the standard xyz axes,
0 the direction is -k.



Ids
dB — MO
A an R?

Ll ds

B, = deAC = 4_7t R?

arc arc

I The integral of ds is just
BAC — H—ORZ j ds the arc length; just use
At

that if you already know it.

arc

_ ol
By = R db
A 4nR? -[

arc

_ ol
B,.=——86
S 4nR
. S = = ulep
Final answer: B=B,, +B,. +B, =- k

4R



Important technique, handy for
exams:

Along path AC, ds is
perpendicular to .

dsxf|=|ds| |F|sin 90°

ds xr|=ds






Magnetic Field of a Current-Carrying Wire

It is experimentally observed that parallel wires exert forces on
each other when current flows.



Example: use the expression for B due to a current-carrying
wire to calculate the force between two current-carrying wires.

2
B} IIL - %
F12=H02;d2 i ¢B

force per unit length of wire i:




Force on wire 2 produced by wire 1

—

IE21 =1L, x §1

|§1 _ Yo I |2
2nd

. . I ~
F, =IZL]><(— *zlo cll kj

T

~ LILA
I:21__u027id2 !
IE21 _ Mo I1Iz A

The force per unit length of wire is .
2nd




Analogously:
If currents are in opposite directions, force is repulsive.

. <-------- a -------- >
LIL
F,=F; = Hoz;cdz Il‘ 112
L €= —
- Fo F1
4nx107LLL _ L
F,=F,= > L2 =2><107I1Iza

Official definition of the Ampere:

1 A is the current that produces a force of
2x107 N per meter of length between two
long parallel wires placed 1 meter apart in
empty space.




