Physics 4B Lecture Notes

Chapter 29 - Magnetic Fields

Problem Set #8 - due:
Ch29-2, 5, 12, 14, 21, 30, 34, 37, 41, 45, 46, 49, 55, 60, 64, 69

It turns out the hardest thing to understand about magnetism is asimple magnet. We will start by studying
the force on a current caused by amagnet field. We'll wait until next chapter to figure out where the
magnetic field comes from.

Lecture Outline

1. The Force Between Currents

2. The Definition of the Magnetic Field

3. The Magnetic Force on aMoving Charge
4. Current Loopsin a Constant Field

5. Magnetic Devices

1. The Force Between Currents
Current Balance
There are smilarities between the e ectric force and the force between wires.
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Could the force between wires just be the electric force? It would appear not because:
1)Like currents attract and opposite repel, exactly the reverse of the electric force.
2)The current carrying wires are electrically neutral. They exert no force on asingle charge.

It would seem that we must treat the force between current carrying wires as anew force called the
"magnetic force." It must be noted that, in fact, thisforce is electrical in nature and Einstein's Theory of
Relativity explains the connection between electricity and magnetism.

We need to establish the force law (analogous to /
Coulomb's Rule or Newton's Law of Universal A ’
Gravitation) for this "new" force of magnetism. T ,I, = > 11
12
Newton's Third Law requires Fy, = Fy; Jr, T -
21 N

1
Guess: Fp 1 1y, Fro 1o, Fro 1 T and Fpp p /.

m = Zﬂﬂ ¢ The Force Between Current Carrying Wi resI
p r

7 N
where the constant m, © 4px10 7?.
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2. The Definition of the Magnetic Field
Recall the way we defined the electric field. Instead of thinking of g, exerting the force on gy, we
think of o creating afield and the field exerting the force on qp.

qz
CI1 q2 I:) O_>
C= r >O—>
I:21
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E

where F21 = q2 El'
We can do the same thing with the magnetic field, B.
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T lFlZ = TF21
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where F21 = lngl'
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To incorporate the vector nature of forces we need to pick adirection for the magnetic field. Since Fis up

and ¢ isin the horizontal plane along the wire, it is most convenient to choose B into the paper. Now we
can define the magnetic field vector,

Fo 17" B TheDefinition of the Magnetic Field |

Note the units: [F] =[1][¢][B] P [B] = ﬁg_] :%

1IN
©1Teda=1T.
m

It is convenient to define anew unit
A second common unitis1 Gauss = 1G = 10 *T.

Currents are the source of the magnetic field. Wewill discussthisin detail in the next chapter. This
chapter will focus on the effect of an applied magnetic field.

Wire & Magnet Demonstration - go over definition of magnetic field and r.h.r.

Example 1. An 0.100T magnet has a field that points upward. The pole faces have a 2.00cm
diameter. Find the force on a 5.00A current flowing eastward.
Use the definition of the magnetic field F© 1/ B.
Since the wire is perpendicular to the magnetic field F = 1/B.

Since the pole faces are 2.00cm in diameter thisis the length of the
wirethat feesthefield. F = (5.00)(0.0200)(0.100) = 0.0100N.

Theforceis southward by the right hand rule.
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3. The Magnetic Force on a Moving Charge

| The force on acurrent carrying wireis Fol/” B. Thecurrentis
— composed of individual charges. We want to know the magnetic
force on asingle charge. Recall the definition of current density,

oo . = =, =
jozb I =jJAP F=]jAl  B.
Using the expression for the drift velocity,

¢ j=nqub |3=nquA?'B.
Inserting the free electron density n © N :ﬂ b F =ﬁquAZ’ B= Nqu%’ B= Nagu ” B.
vol A/ A/

The force on asingle chargeisthen,

F = qu”’ B The Magnetic Force on a Charged Particlel

Example2: A 2.00keV electron isfired northward into a uniform upward 0.100T magnetic field.

(a)Find the force on the electron and (b)Describe its motion.
(8)The definition of kinetic energy K =Smu? b u = 2_”'? Z(up)

@[2K 6 _%[2(2000eV) 8 g ;
u=%¢/—"c=%¢ [—————=—="(3.00x10 =2.65x10" "M
e\mc? g &\ 511x10%V z( %) %
Theforce on acharged particlein amagnetic field is F= qu’ B. X(E)
Since Ui isperpendicular to B, F = (1.60x10 *°)(2.65x10")(0.100) = 4.24x10" *N .

The forceis westward by the right hand rule.

(b)The force on a charged particle in a magnetic field is always ® ®

perpendicular to the velocity. This means that the motion must be = ® ®

circular and since no work can be done it must be uniform circular ]‘ OO IO

motion. = =
©E:l 0!

The radius can be found by applying Newton's Second Law,
mu _ (9.11x10 *)(2.65x107) _
gB  (L60x10 *°)(0.100)

SF=mab tu:muTb r=

Beyond the Mechanical Universe (vol. 34 Ch 35)
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Example3: Suppose the electron in example 2 was fired at 10.0° above horizontal. Describe the
motion.
The force on a charged particle in amagnetic field is F = qii * B but z(up)

now u isnot perpendicular to B so,

F = - e(ucosl0®j +u sinl0°k)” Bk = - euBcos10®i . Since U istill
perpendicular to F we will still have uniform circular motion, but the
tangential speed will be u cos10°. Using the Second Law again,

- - m o
SF=map qu=rn%FD r=7i§=15umnnmgo=14gnm.

Since there is no force along the z-direction, the z-component of velocity lﬂ'a
will remain constant. The resulting motionis helical. The "pitch" of the . -
. . e 2pr -‘.:..:--::‘f p
helix can be found from, p=v,T = vsinl0" *—— = 1.65mm. .,
vcosl0 3
Charged particles generally spiral around magnetic field lines. X2 :_;,_,_,__r""
This phenomenais responsible for the "Northern Lights." “*-3
L — ..-\-'"".'.J."

4. Current Loopsin a Constant Field ” |

A uniform magnetic field points aong the z-direction. An arbitrarily shaped
current loop is placed inthe field. Let's find the net force on the loop. The force,
dF, on asmall segment of the loop, d/, is given by the definition of magnetic

field, dF = 1d¢ " B. Thetotal force on the loop isthen, Fo (‘jd?' B.
An arbitrary segment is given by d¢ = dxi + dy] +dzk andthe magnetic field is
B = BK.

L VR OV O

ik
The crossproduct is, d/” B=|dx dy dZ = Bdyi- Bdxj. Thetota force ontheloopis
O O B
F= @IIE = I(g‘deyf- Q‘dex]) = IB(fq‘)jy- ]g‘;jx) b F =0 for any shaped loop in a constant magnetic
field.

N

~ Z What about the torque on the loop? The book wimps out and does a square
loop. We'retough, so let'sdo acircular loop of radius, a. The loop will bein
the x-y plane and B isin the x-z plane and angle q from the z-axis. This
’ s———5~>Y  geometry means no loss of generality.
m d? The definition of torqueist © '~ F, sothe torque dt about the center of the
loop on asmall segment d/ caused by the force dF =1d/ " B must be,
df =7 dF =7 (1di " B).
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The three vectors we need are 7 = acosf i +asinf], d/ = adf ( sinfi + cosf ]) ry

and B = B(si an +cosqIA<). a o1 »
i j k

d/* B=aBdf|- sinf cosf 0 X

sinq 0 cosq
d/* B = aBdf (cosq cosf | +cosqsinfj - sinqcosf IA<)
i j k
df =7" (1d" B) = 1a’Bdf| cosf sinf 0 dN\J
cosqcosf cosqgsinf - singcosf

dt = 1a%Bdf ( singcosf sinfi +sinqcoszf])

_ T2 22 o . roo7 .2
t= IazBsinqg? i(‘a(F:)osf sinfdf + jqpcoszfdf 8: IazBsmq(-O| +pJ) = IpaZBSMC]j
If we make the following definition,

m° IA The Defintion of Magnetic DipoIeMomentI

Then we can write the torque on the dipole as,

t=m” B TorqueonaMagnetic DipoIeI

This equation is similar to the result for the torque on an electric dipole. By using this analogy we can
write the potential energy of amagnetic dipole in amagnetic field as,

U=-m-B Potential Energy of aMagnetic DipoIeI

Beyond the Mechanical Universe (vol. 34 Ch 14)

5. Magnetic Devices

a) Velocity Selector |
Particles of mass m and charge g move at a speed u into aregion @aml@lelela

with avertical E-field and a horizontal B-field as shown. It turns FmT B ——
out that there will be only one velocity that will allow the particles Bl@ 2 @& @ @

to be undeflected by the fields. It can be found by using the @—

Second Law, SF=mab F,, - F, = ma. Apply the definition of ',E_—] l R R E'EJI

E-field and the magnetic force on a moving charge, @¥Y® @ @ @ @

quB - gE = ma. For the undeflected particles, ﬂ

E
a=0pP quB-ge=0P u:—B.
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Example 4: A mass spectrometer requires charged particles traveling at 2.00x10°m/s. The
magnetic field in the device is 0.500T. Find the potential difference across the plates of the
velocity selector given their separation is 0.800cm.

Applying the Second Law, SF=mabp quB- gE=0P u :E.

Between pardld plates, E = \—é

, E _V .
Finaly, u = BB b V = Bud = (0.500)(2.00x10°)(8.00x10"°) = 800V
b)Mass Spectrometer
Example 5: Singley charged chlorine atoms of detector
mass 35 and 37 travel at 2.00x10°m/s as they I :Vacc velocity
enter the 0.500T field. Find their separation at accelerator sdector
the detector.
. . _ u
Starting with the Second Law and assuming —
uniform circular motion,

2
SF=mab quB= mu—r . Since different masses will have different radii, r, = MY and
r, = % . The separation at the detector is the difference in the diameters,

2(2.00x10°)
(1.60x10 *°)(0.500)

=1.67cm

d=2(r, - 1) =(m,- ml)z—; = 2(1.67x10" %)

c)Galvanometer

Large Galvanometer

k A galvanometer measures current by allowing the current to flow through a coil of
/ wire creating a magnetic dipole. The coil is placed in amagnetic field of the proper
N S

shape so that the torque doesn't depend on the angle the loop makes with the
horizontal. The torque on a dipole is, T =m Bb t =nB. In terms of the

magnetic moment of aloop of N coils, t = NIAB. Noticethat thisislinear in the
current (Twice the current produces twice the torque).
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d)Hall Probe
Bring a Hall Probe

The Hall Effect isthe first experiment we have encountered that can
actually detect the sign of the charge carriers. When avoltageV is applied
to the sample, acurrent | will flow downward (electrons flow upward). If
positive charges were flowing downward they would deflect to the right.
Negative charges flowing upward would a so deflect to theright. So the
sign of the charges can be determined by which kind of charge movesto

the right.

The Hall Probe shown here can be used to find the strength of a magnetic field. The magnetic force on the
electrons that bends them to therightis, F = qu " B P F = euB whereu isthe drift velocity whichis
related to the current density j = neu b # =neub u= ﬁ The force can be thought of asarising

from the an effective electricfield F =euB b eEy; = euBP Eg; = uB. Thisfieldisrelated to the "Hall
Vi

Voltage" E4; =uBP W = uB . Combing thiswith the velocity equation and solving for the field,
Yoo By go (net)Lt
W  newt I
e)Cyclotron
@ A cyclotron is a system designed to accelerate particles such as a proton
J to high speeds. It consists of two half cylinders with an alternating
@ potentia difference across the gap that separatesthem. A magnetic
— field causes the protons to movein circular paths. During the time the
— proton isinside one of the halves it doesn't accelerate. It isonly when
— it crosses from one side to the other that it feels the potentia difference.
— During the time the proton isinside one of the halves, the sign of the
voltage is switched so that when it gets back to the gap it isagain
e accelerated.

Example 6: Find the frequency at which the voltage must alternate in terms of the mass m, the
charge g, and the field B.

The frequency must be the reciprocal of the time it takes the particles to complete an orbit because
the voltage must go through one complete cycle during thistime. Thistime can be found starting

with the Second Law, SF = map gquB = mu—r P u= %Br and using the definition of velocity,

u:2prp 2pr:qBrD fo_lzq_B_
T T m T 2pm
makes the power supply easier to construct.

Notice that the radius of orbit cancels out, which
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f)Stereo Speaker

Bring a speaker and low frequency amp

con A magnet is mounted to the frame of the speaker and a coil
of wireis mounted to the cone. The current from the
amplifier is sent through the coil. When the current isone
mag”et‘lmu direction the force on the coil is one direction. When the
current reverses, the force on the coil reverses. The
coil / resulting oscillatory motion of the cone creates the sound
waves.
Chapter 29 - Summary
The Force Between Current Carrying Wires F,, = % % !

The Definition of the Magnetic Field F° 17 B

The Magnetic Force on a Charged Particle F = qii * B
The Definition of Magnetic Dipole Moment m© 1A
Torque on aMagnetic Dipolef =m” B

Potential Energy of aMagnetic Dipole U = - m- B
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