Magnetic force
The electric field is defined in terms of the electric force acting on a charged

particle. E=2ZL Similarly, to understand magnetic field we start with the
force. There is no magnetic force on stationary charged particles, and the force
on a moving particle is perpendicular to the particle’s velocity. The relation
between force and field is

F=qix B
This force causes circular motion in the plane perpendicular to B.

Let’s review uniform circular motion. The speed is
v=wr
and the velocity is
T=dXT

where J lies along the axis of rotation. Take the derivative:
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Uniform circular motion means & is constant, so
a=wWx1v (1)

Now compare with the magnetic force:

F . _
i=—=LgxB=-LBxyq (2)
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These relations (1 and 2) are the same if
G=-Lp
m
The frequency
lq| B
c=— 3
we =11 )

is called the cyclotron frequency. The important fact here is that the magnetic
force is always perpendicular to the velocity, as is the centripetal force.
The radius of the circle is

=B (4)
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This is the Larmor radius.

If ¥ is not initially in the plane perpendicular to ]§, the component of ¥
parallel to B does not contribute to the force, and v in the above formulae
should be replaced with v, . v remains unchanged, and the path of the particle
is a helix.

Motion in E and B fields.

When both E and B are present, the total force is the Lorentz force

—

F:q(ﬁ+ax§) (5)



e 1. Electric and magnetic fields parallel. In this case The motions are
decoupled (in the non-relativistic case). The electric force changes
the component of ¢ along B while the magnetic force changes the
component of ¢ perpendicular to E, causing circular motion.

2. Electric field perpendicular to magnetic field. In this case it is possible
for the total force to be zero, if we start with exactly the right velocity.
Let’s see how that can be. Suppose

E+dxB=0

Notice that only the component of ¢ perpendicular to B contributes,
so let’s write that explicitly: Then

E = —UL X _é
Now take the cross product with B:
E_'xB':f({flea) x B

Expand the product on the right, using the BAC-CAB rule:

—

EXEZ—{E(ﬁL-E) —171_ (éé)] :17J_B2
since 7, - B =0. Rearrange:

=T (6)
So if a particle starts out with velocity (6), it will experience no
acceleration and it will continue to move with that velocity.

If a charged particle starts out with zero velocity, the electric field will ac-
celerate it, and then it will also experience a magnetic force. To simplify the
discussion, let’s take ¢ to be positive. The magnetic force bends the trajectory
around. As the speed increases, (due to E) the radius of the circle increases
(eqn 4). But as the particle reaches the top of the trajectory and starts to
move opposite E, it slows down, the Larmor radius decreases, and ultimately
the particle comes momentarily to rest again. Then the motion repeats. The
path is called a cycloid. It is also the path traced out by a particle on the rim
of a wheel rotating with constant w.

To analyze this mathematically, let B = Bz, E = E7g, and let the particle
start at the origin. The force is

—

F=q(Ej+9xBt)=q[(F+v.B)y—v,BZ

Thus
Dy 9 gy (7)
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Differentiating the first equation, and inserting the second, we have

d? B\?
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dt? m
with solution

vy = Asinwt 4+ B coswt

Since v, =0 at t =0, B =0, and so
vy = Asinwt

Then
dv,
dt

Since v, =0 at t =0, C = —A. Finally, from (7) and (9),

= —wAsinwt = v, = Acoswt +C

dvy FE
| =wl|l=+4 -1
5 = wAcos wt =w iz + A(coswt — 1)
So g
Z_A
B
Thus the solution is
_ Ea
vy = psinw
E
v = 3 (coswt — 1)

and integrating once, we get the position

E
y = 3 (1 — coswt)
2 = — (sinwt — wt)




The particle undergoes circular motion superposed on a uniform drift

- E. ExB
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B B2
This velocity is the same as (6). This is no coincidence. In fact it is an example
of a general result:

With E perpendicular to é, the particle gndergoes circular mo-
tion plus a constant drift with velocity £ x B/B2.

If we work in a frame moving with the drift velocity vp = — (E/B) 2, the
particle’s position in that frame is

E
= —(1-— t
y wB( coswt)
z = £sinwt
~ wB

We can combine these by writing

wBy . wBz
coswt =1— —=; sinwt =
E

So

cos?wt +sin’wt = 1

wBy wBz\?
1——= = 1
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or

B2 , B2
-5 =%
This is the equation of a circle with center at y = E/wB and radius E/wB.
F UD

"= wB  w
This the Larmor radius for a particle moving at vp. This is expected, of course,
because a particle starting at rest in the lab frame is moving at speed vp in the
moving frame.

In the plane perpendicular to E, the particle moves perpendicular to the
applied force. This should remind you of the motion of a spinning body un-
dergoing precession: it also moves perpendicular to F. The particle gyrating
around the magnetic ﬁeld lines acts like a spinning body.

Finally, note that if E is at some angle 6 to B the particle accelerates along
B with acceleration (gE/m)cosf and has a conbmatlon of gyration plus drift

in the plane perpendicular to B, the drift speed being (E'sinf) /B.



A significant feature of the magnetic force is that it does no work, because
it is always perpendicular to .

dW:ﬁ~d§:ﬁ~6dt:q(ﬁx]§>~17th0

As we saw in the examples above, the magnetic force changes the direction but
not the magnitude of .

Current

Current in a wire is defined as the amount of charge passing a point in the
wire per unit time. As discussed in LB Ch 26 §2, the quantity that is directly
influenced by the fields is the current density ; For a wire with uniform cross
section, A

-7 = A
with direction parallel to the wire, so the units of j are amps/m?2. (Yes, that is
m? not m?.) In fact current is the flux of current density:

I:/j-ﬁdA (10)

(Griffiths says that I is a vector, but that’s not right. 515 a vector. Since
I is the flux of f, it has a sign that is associated with its direction, but it is a
scalar none the less.)

To understand the relation between j and the properties of the material, we
look at a wire segment of length d¢. If there are n. moving electrons per unit
volume, and each has a net drift velocity vy, the number of electrons in the
segment at any given moment is

dN =n.A dl

and they all move out of the segment in a time

dl
dt = —
v
Thus the current is
=W reAdl A
Cdt  dlfy
and thus the current density is
1
j= o = eV (11)

We can use these definitions to find the magnetic force on a current dis-
tribution. The magnetic field exerts force on all the moving charges (usually
electrons) in the wire. The magnetic force on a segment of length d¢ is

—

dFF = dNqix B =qn.A dlv x B
= qn.Avdlx B=jAdl x B



since @ and df are parallel. Thus
dF =1 dl x B
and the force on the whole wire is
ﬁ:/fﬂxé (12)
We may also write the expression for dF as
dF =7 x B dAdl =7 x B dr

giving us a more general expression
ﬁ:/ﬁxém (13)

that is valid whether or not the current is confined in wires.

Aside: Notice that we replaced the quantity I'd¢ in equation (12) with jdr
n (13). We will want to remember this for future applications.

Note that the net force on a closed current loop immersed in a uniform field

is always zero.
ﬁz%hﬁxﬁzlc%ﬂjxﬁzo

But the torque is not zero. For a rectangular loop measuring a x ¢ in the
x — y—plane with magnetic field B= By, we have zero force on the two sides
parallel to the z—axis. The forces on the other two sides are equal and opposite
(because I reverses) and have magnitude

F=1IcB

Thus the net force is zero (as expected) and since we have a couple (LB §11.1.3),
the torque is the same about any point and equals

T7=1IcBa=I1IBA=mB

where A is the area of the loop and m = [ A is the magnetic moment. Putting
in the directions, we get

F=mxB
See, eg, LB Example 29.8. Grad students: show that this result is true for any
planar loop.

The energy of an electric dipole in an electric field is U = —p' E. Similarly,
the energy of a magnetic dipole in a magnetic field is U = —m - B.

Magnetic forces (and magnetic fields in general) are enormously important
in our technological society. That is one reason why it is worthwhile struggling
with the occasionally complex mathematical relations that arise in trying to
understand the physics of magnetic fields. Magnetic fields are also ubiquitous



in space, and are essential in making the earth a place that can support life.
See LB Ch 29 for many applications of magnetic fields.

How can magnetic fields be so important if they do no work? Let’s look at
one example to see what happens.

A current balance is a device that uses currents to measure forces (or some-
times forces to measure currents- it works either way.) Griffiths has an idealized
case in Example 5.3. There is a somewhat more realistic example in LB example
29.7. Let’s look at the Griffiths case.

A current flows in a rectangular loop of wire that supports a mass m. A
uniform magnetic field exists in the region z > 0, as shown in the diagram. The
z-axis is horizontal to the right in this picture, and B= By.

B (X

appled potential
difference

r—

The magnetic forces on the two vertical segments of the loop are equal and
opposite, and exactly cancel. The magnetic force on the horizontal segment is

—

Foag =1L% x Bj=1LB%

This upward force will balance the weight of the block if we adjust the current
so that
ILB =mg

So far so good. Now if we increase the current (by turning up the applied
potential difference) we can make the magnetic force greater than the weight
and thus lift the block. In fact all we need is for Fj,a, to be infinitesimally greater
than mg. Now we let the loop and attached block move upward at speed v.
That means that the electrons in the wire have an additional component of
velocity, and thus an additional force acts on them.

—

Fiew = qv2 X B:IQ = qu (_‘%)

This force is opposing the flow of charge that constitutes the current in the loop.
Thus we must exert some opposing force to maintain the current. That force is
an electric force. The battery distributes charge around the circuit to establish



the necessary fields. Thus
Iy
AV

qF = quB
/E-dZ:vBL

The work done to lift the mass a height dy = vdt is
dWiigg = mg dy = mgv dt

The electron drift speed vy carries each electron a distance dx = vgdt in time
dt.So the work done by our electric force on all the electrons is

dWeee = (neLA)quB dx =n.LAquBuvy dt
= (nequgA) LBv dt = ILBv dt = mgv dt = dWis

The two amounts of work are equal. So it is actually the battery that is doing
the work to lift the block. The magnetic force acts as a facilitator to make it
all fit together.

There is another way to think about this situation using Faraday’s law. See
if you can figure it out.

Charge conservation

We may use the definition of current and equation (10) to compute the total
charge entering a fixed volume V' in time dt:

dQ:f%]ﬁdAdt

S

We need the minus sign because 7 is outward, so if 5 71 is positive, it means
charge is leaving the volume and thus d(@ is negative. Now we use the divergence
theorem to rewrite the RHS, and express @ in terms of the charge density:

a@ d - S
E—E/pdT——/V-de

Now since the volume is fixed, we may move the time derivative inside:

/%pdT:—/ﬁ~‘;dT

It’s a partial time derivative of p because p may depend on position as well.
This relation must be true for absolutely any volume V| so we may express the
local equation for charge conservation as

dp = -

Lav.5 =0 14

B j (14)
In the static field situations we are considering, p is independent of time and
this relation simplifies to .

V.3 =0

Thus j is a solenoidal field. That means that current lines form closed loops.
This will be another useful result to remember.



