EM 3 Section 1: Revision: Whistlestop tour of Vector Calculus

You will have met vector calculus last year in Maths for Physics 4. This year we shall see
the true utility and power of vector calculus in formulating electrostatics. You need to revise
div, grad, curl! The following highlights some keypoints but does not replace your second
year notes.

1. 1. Gradient

The gradient operator (“grad”) acting on a scalar field f(r) is a vector which in Cartesian
Co-ordinates (x,y,z) reads

. Sy + gﬁz (1)

Important things to remember:

e Vf is a vector quantity (vectors either underlined or boldface in these notes)
e Vf points in the direction of maximum increase of f
e Vf is perpendicular to the level surfaces of f

e For a small change of position dr the change in fisdf =V /f-dr

B
e The line integral / Vf-dl = fg — fa is independent of the path from A to B
A
Simple example to be memorised Vr = 1.

Remark Often due to the symmetry of the problem it is convenient to consider other co-
ordinate systems such as spherical polar coordinates which comprise (r,¢,0) or cylindrical
polar coordinates which comprise (p, ¢, z) (you should remind yourselves of these co-ordinate
systems). In these systems the expression for the gradient (and the other operations below)
look more complicated e.g. in spherical polars
of 10f 1 of

V= -er+ -5+ ——5=

v/ or - ol €07 sing a¢g¢
(where e, = 7). But when the system has a spherical symmetry f = f(r) (no 6 or ¢
dependence) the gradient is simply Vf = %Qr.

This is consistent with the chain rule which states

df df .
= — e 2
V)= Nr=7-1 2)
1 d /1 1
Important example: V. () = — () F=——f
r dr \r r?



1. 2. Divergence and the Divergence Theorem

The divergence (“div”) is a scalar product V- of the gradient operator with a vector field K.
In Cartesians it reads

0K, 0K, 0K
K = z y z
VR = T T o

The divergence represents the rate with which flux lines of the vector field K are converging
towards sinks (negative divergence), or diverging from sources (positive divergence).
oxr Oy 0z

Simple example: ¥V -r = p + a—y e

(3)

The divergence theorem states that:

fK-ds= [ v-Kav (4)

where A is a closed surface enclosing a volume V', dV = dx dy dz is a volume element (some-
times written dgr), and dS is a vector element of area (normal to the surface).

This theorem holds for any vector field K and any closed surface A.

1. 3. Curl and Stokes’ Theorem

The curl operator is a vector product of the gradient operator V x with a vector field K:

(5)

_|OK. 0K, 0K, 0K, 0K, 0K,
VXK_[({)y 82]%4—[82 8x]ey+[8x leez

or

€x Qy €z

Vx K = a% a% % (6)
K, K, K,

The curl represents the curvature of the vector field K around an axis of rotation. Using
the corkscrew rule, clockwise(anticlockwise) rotation has a curl in the negative(positive)
direction along the axis of rotation.

Simple example to be memorised: | V xr =0




Stokes’s theorem states that:

éﬁﬂﬂzAZXKdﬁ (7)

where C' is a closed contour bounding a surface A.

This theorem holds for any vector field K and any closed curve C.

1. 4. Laplacian

The Laplacian of a scalar field is a scalar defined as

Vif=Y-(Vf) (8)
and reads in Cartesians
*f  0*f  O*f
2,0
V= 0x? * 0y? * 0722 )

1. 5. Useful Identities

These are best proved by suffix notation (see MfP4).

First, there are various product identities. Generally these are as you’d expect,

L. V(of) = ¢V f + (No)f
2. V- (94)=¢V -A+A-V¢
3. Vx(pA)=¢ (¥ xA)+ (Vo) x A

You should be able to write these down.

Others are less obvious and do not need to be memorised:

5. V-(AxB)=B-(V x A)— A-(V x B)
6. Vx(AxB)=A(N-B)-B(N-A)+(B-V)A-(A-Y)B

Second there are some simple identities (involving two grads) that prove fundamental to
Electromagnetism

e “curl grad = 0"

where f(r) is any scalar field.



e “div curl = 0”

V(VYXK)=0 (11)
where K(r) is any vector field.
e “curl curl = grad div - delsquared”
Vx (VY xK)=Y(V.K)- VK (12)

Note that:
K, 0’°K, O°K,
= + +

2
K. —
Vi, 0x? oy? 0z

The first two (10,11) are crucial.

1. 6. * 3d Taylor expansion

As noted above the change in f due to a small change of position dr is df =V f -dr

This is actually the first term in the 3d Taylor expansion about a point r’ which may be
neatly written

f) = 3l =r) 5T )y (13)
- fe) X -a) G 5SS el - g H

Often the first two terms f(r) ~ f(ry) + (r — o) - V.f(r)]

is all we require.

r=ry

1. 7. Important Theorem

The following three statements concerning a vector Field F over some region in space are
equivalent

1.

<1

x F' =0 the vector field is irrotational

|~

2.

=
I

Yo the vector field may be written as the gradient of a scalar field
B
3. the line integral of the field / F - dl is independent of the path from A to B;
A
a consequence is j{ F -dl =0 for any closed curve C
c

You should remind yourselves of how each implies the other
e.g. Stokes theorem gives 1. < 3.

This theorem is the heart of electrostatics.



EM 3 Section 2: Revision of Electrostatics

2. 1. Charge Density

At the microscopic level charge is a discrete property of elementary particles.
The fundamental charge of an electron is —e, where e = 1.6 x 107*°C.

The charge of a proton is +e: ¢, + g < 107*'e. Antimatter has the opposite charge to
matter: g, + ¢; < 107%e. = there is no charge in a vacuum!

(Classical electromagnetism deals with macroscopic charge distributions.
These are defined by a charge density, p with units Cm™3:

p(r) = [Np(r) — Ne(r)]e

where N are the number densities of protons and electrons.

The total charge in a volume V' is obtained by integration:

Qv = [ pr)av (1)

where dV is a small element of volume dazdydz (sometimes we use d7 and sometimes d*r).

Line charges have a charge density A with units Cm~!. Surface charges have a charge

density o with units Cm~—2. Again the total charge can be obtained by integration:

QA:Amw QL:ANﬂ 2)

2. 2. Point charges and -function

In electrostatic problems it is common to introduce point charges at a particular position
r’. These are represented by a delta function:

o(r) = O3z — 1) 3)

where:

/5([—[’):1 if r’"inV /5([—f'):0 otherwise (4)

|4 1%

N.B. Here we are using the three dimensional delta-function, in Cartesians
o(r—r')=d(x—a")o(y —y)o(z — ) (5)

for this reason one sometimes writes §3(r — r )



2. 3. Coulomb’s Law

The force between two point charges is given by

q192 .
F = 6
- 47T€07“2£ (6)

where 7 is a unit vector indicating that the force acts along the line connecting the two
charges.

The constant ¢ is known as the permittivity of free space.
€0 = 8.85 x 107*CN'm 2 (7)

A quite accurate and easily remembered number is:

=9 x 10°Nm*C™* (8)
TEQ

We’ll take Coulomb’s law as the empirical starting point for electrostatics. The inverse
square dependence on the separation of the charges is measured to an accuracy of 2 4 10716
using experiments based on the original experiment by Cavendish (Duffin P.31).

Coulomb forces must be added as vectors using the principle of superposition. Thus the
force on a point charge g at r due to a charge distribution p(r’) is




Example: Force due to a Line Charge

As an example consider the force of a line charge A on a point charge Q. This can be obtained
from the sum of the contributions:

Figure 1: diagram of integrating over line charge elements dl at angle 6 to point charge

The components parallel to the line charge cancel, so we have to sum the contributions
perpendicular to the line which are dF cos@. This yields

L2 QA\dl  cosf
—r/2 4mey (12 + a?)?

J_:

This integral is best solved by transforming it into an integral over df rather than dl i.e. we
make the substitution:

[ =atanf dl = asec® 0do r= (> +ad*)"* = asech

A0 A
= @ ’ cos 0df = @ 2 sin 6,
4repa J -, TEYa
where L/2 = atan @y and sinfy = L/2 (a®> + L?/4)~'/? (see diagram). Thus
QAL
F, = 10
1 47r€0a(a2+L2/4)1/2 ( )
where L is the length of the line charge, a is the distance of ) from the line.
In the limit of an infinite line charge L — oc:
QA
F, = 11
+ 2meqa (11)
Note that the force due to a line charge falls off with distance like 1/a!
In the “far-field” limit where a > L
QML
Fl~—=— 12
+ 2mega’ (12)



This is the same as the force due to a point charge ¢ = AL at the origin

2. 4. Electric Field

The force that a point charge ¢ experiences is written

(13)

which defines the electric field. The electric field is defined as the force per unit charge

experienced by a small static test charge, ¢, in units of NC~! or more usually Vm™!:

Thus comparing with Coulomb’s force law we see that the field at r due to a point charge g
at the origin is

q

EF=—
= Admegr?

P (14)

which is also known as Coulomb’s law.

A positive (negative) point charge is a source (sink) for £. In a field line diagram field lines

Figure 2: Field lines of electric field emanating from a point charge

begin at positive charges (or infinity) and end at negative charges(or infinity). The density
of field lines indicates the strength of the field.

2. 5. Gauss’s law for E

Q
fEBas==* (15)

€o

where A is any closed surface the surface, dS is a vector normal to a surface element, and
€0 = 8.85 x 10712 F m~!, Q is the total charge enclosed by the surface. E(r)-dS is the
Electric flux through the surface area element at point r. The left hand side is often written
as

Op = 7{ E-dS
A
which is the total flux of the electric field out of the surface..

Thus the total Electric flux through any closed surface is proportional to the charge enclosed
(not on how it is distributed)



Simple example of Gauss’ law

First let us recover Coulomb’s law. Consider a point charge +q at the origin. Take the
surface as a sphere of radius . Now by symmetry the field must point radially outwards
Thus £ = E,e; where E, has no angular dependence. Then the integral over spherical polar
coordinates simplifies considerably

27 T
§Eds=["ao ["a02sinE, = 4m°E,
A 0 0

and we obtain from Gauss’ law E, = q/4meqr® which is Coulomb’s law.

Aside Although here we have simply stated Gauss’ law as fundamental it is actually a
consequence of the Divergence theorem and Coulomb’s Law (14).

Now consider a charge density within the sphere i.e. an insulating sphere with a uniform
charge density p. Again by symmetry the electric field is radial, i.e. Fy = E, = 0 everywhere.
Again using a spherical closed surface of radius r to calculate the electric field FE,:

4
B Anr? = £*7TT3

€0

Inside the sphere (r < a):
B_PT
€0 3

At the surface of the sphere (r = a):
p_re_ 3Q a Q

T —

€03 4dmepa® 3  4mega?

Outside the sphere (r > a):
Q

r =
4mregr?

This is the same field as a point charge at the centre of the sphere!

2. 6. FElectrostatic Potential

1 1
Consider Coulomb’s law (14) and the result V () = —— 1. We can then write
r r

E=-v(- 1

T dmegr

and identify the Electrostatic Potential at r due to a point charge at r’

q

V0= Gl = 7]

(16)

Now due to superposition we can integrate Coulomb’s law to get the Electric field for any
charge distribution and similarly superposition holds for the potential which is then given
by e.g. for a continuous charge distribution by

Vi) = 47360 / []Eﬁridr’? (17)

9




Moreover, we can invoke the important theorem of section 1.7 which implies that due to the
existence of the potential V', static electric fields generally obey

1.

<1
X

LE=0

2.

&=

A

B
3. the line integral of the field / E-dl = (V4 — Vp) is independent of path from A to B
A
4. a consequence is j{ E - dl =0 for any closed curve C'
C

N.B this holds only for static fields as we shall see later.

N.B. The potential V' is only defined up to a constant which may be chosen according to
convenience. Often we choose V =0 at r — oc.

3. gives us the work done to move a test charge from A to B

Wap = —q [ E-dl=q[Vs— Vi (18)

Note that the work done is defined as the work done by moving the charge against the
direction of force—hence the minus sign. If we take A at infinity and V4 = 0 the work done
to move the charge from inifinty to B is the potential energy of the test charge at B

U= qVB (19)

Warning Beware of confusing Electrostatic potential V' and potential energy U

The potential difference Vyp = V4 — Vg is then the energy required to move a test charge
between two points A and B, in units of Volts, V=JC:

(20)

Vap =

An equipotential is a surface connecting points in space which have the same potential.
By definition r — oo is an equipotential with V' (co) = 0.
2. tells us that The electric field is always perpendicular to an equipotential.

10



EM 3 Section 3: Gauss’ Law

3. 1. Conductors and Insulators

A conductor is a material in which charges can move about freely. Therefore any electric
field forces the charges to rearrange themselves until a static equilibrium is reached. This in
turn means that

e Inside a conductor E=0 everywhere, p = 0 and any free charges must be on the
surfaces.

e Inside a conductor the potential V' is constant and the surfaces of a conductor are an
equipotential.

e The electric field just outside a conductor must be normal to the surface and propor-
tional to the surface charge density:

E="h (1)

€0

In an insulator charges cannot move around, and the charge density can have any form. If
p(r) # 0, the potential is non-uniform, and E # 0 inside the insulator. Insulators are often
referred to as ‘dielectric’ materials and we shall study their properties later on.

3. 2. Gauss’ law in differential form

Gauss’ law reads

€0 V€

for any closed surface A, and enclosed volume V.

Apply divergence theorem

EdS — /yﬂdv
A 174

;»/Vyﬂ(z)dv _ [y

V€

Since this holds for any domain V', however small = integrands are identical!!

v B =" @)

N €

This is Gauss’s Law In Differential Form. It is the first of the fundamental laws of
electromagnetism i.e. Maxwell 1.

NB: for static conductor this proves earlier claim that £ =0= p =0

11



Aside expressions for the divergence in cylindrical and spherical polar coordinates:

10(pE,) | 10E,  OF,

V-E= 3
T p O p 0¢ M ®)
1 8(T2ET) 1 8(sin QEQ) 1 8E¢
B == 4
v-E r2  or +7"81110 00 +TSiIl¢9 [3J0) (4)
These are nasty and you do not need to remember them, but they simplify in the case of
1 0(r*E,)

cylindrical or spherical symmetry e.g. for £ = E,ep, V- E = — 5
r r

3. 3. Examples of Gauss’s Law

Griffiths 2.2.3 “Gauss’s law affords when symmetry permits by far the quickest and easiest
way of computing electric fields”.

Note well the qualifier when symmetry permits.

Basically there are 3 kinds of symmetry which work and for which the following gaussian
surfaces for the surface integral in Gauss’ law are appropriate

1. Spherical symmetry : concentric sphere
2. Cylindrical symmetry : coaxial cylinder

3. Plane symmetry : a “pill box”

Example 1: Insulating sphere

Let us return to the example of the previous lecture i.e. an insulating sphere with a uniform
charge density p.

Inside the sphere (r < a):

LO0°E) _ p 107 _p

E, =— V-E= = =
€3 - = rz Or 3egr? Or €0

Q 10 (r
E, = V-E= ——|—=1]=0
Amegr? T Admegr?or \r?

so Gauss’ law holds.

Example 2: Line charge
For an infinite line charge, A, by symmetry E, = E, = 0, and the closed surface is chosen

to be a cylinder of length [ and radius a with the line charge as its axis. N.B. here p is the
radial coordinate of cylindrical polars

12



Figure 3: Diagram of integrating over a cylindrical surface around line charge

A
Op = E2mpl = —I
€0
A
E,= ——
2megp

Compare this method to summing the Coulomb forces in the previous lecture!

Example 3: Surface charge

For an infinite surface charge, o, the closed surface is chosen to be a circular “pillbox” of
radius, 7, and height A, with its axis normal to the surface and its centre at the surface.
Note - from the symmetry of the problem the electric field parallel to the surface is zero.

Figure 4: Diagram of Gaussian pillbox around surface charge sheet

If the surface is a thin insulating sheet there are equal and opposite perpendicular electric
fields on either side of the sheet:
2 J

by =2F, 7 = gm" E,=—
€0 260

()

If instead the charge is on the surface of a large conducting object, the inside of the
conductor has £ = 0, and the only contribution to the flux comes from the electric field

normal to the outer surface.
(6)

o
E,=—
€0

As quoted at the beginning of the lecture.

13



Note the factor of two between the conducting surface and the thin insulating sheet!

E
0 * = for z # 0 but the

z
electric field is discontinuous across the charge sheet at z = 0 with discontinuity o/ey. We
can write the Electric field for all z using a step function

Remark: In both both insulating and conductor cases V - £ =

1 for 2>0
9(2)_{0 for 2<0

e.g. for the conducting sheet

E. =20z
€0
Then we use the identity
d
() = +-6(2) 7)
and find that OE
o
E="="94
v-B= 2= 26) ®

Which is consistent with Equation (2) with a source of charge at z = 0.

3. 4. A delta function identity and point charges

Consider the vector field

‘3[0 ‘ <>

Q:

Now this is a spherically symmetric field with v, = 1/7? so using div in spherical polars we
get

10 1
Yo= g () <0 ¥

But clearly the integral over a spherical surface radius r
%Q -dS = 4mr?v, = 4n (10)

So Gauss’s theorem which should relate the two results appears to yield a contradiction.
The source of the problems is = 0 where v diverges (is singular).

The contradiction can be resolved by noting that actually

V- (%) = 4rnd(r) (11)

then
/ V.udV = 47r/ 3(r)dV = 4x
v v
Identity (11) implies that V - E = p/eg holds even for a point charge for which p = ¢d(r)

q T
and F = =
ne = 4drey 12

14



EM 3 Section 4: Poisson’s Equation

4. 1. Poisson’s Equation

If we replace £ with —VV in the differential form of Gauss’s Law we get Poisson’s Equa-
tion:

VWV =vvv=-~ (1)

€0

where the Laplacian operator reads in Cartesians V? = §%/9x? 4+ 9% /0y* + 9?02
It relates the second derivatives of the potential to the local charge density.

In a region absent of free charges it reduces to Laplace’s equation:

ViV =0 (2)

Note that one solution is a uniform potential V' = V1, but this would only apply to the
case where there are no free charges anywhere. More generally we have to solve Laplace’s
equation subject to certain boundary conditions and this yields non-trivial solutions.

Poisson’s and Laplace’s equations are among the most important equations in physics, not
just EM: fluid mechanics, diffusion, heat flow etc. They can be studied using the techniques
you have seen Physical Mathematics e.g. separation of variables, orthogonal polynomials etc

4. 2. Solutions of Poisson’s Equation: helpful properties

If you know V' everywhere you can find p at any point by differentiating twice.

Ezample
V = a+ bx’y
0V 0V 9%V
ViV = + + =2by+ 0+
ox?  Oy?> 022 y+0+0

p(x,y,2) = —€ V2V = —2¢by

If you know p everywhere you can find V' at any point but you have to solve Poisson’s
equation. This is a harder but much more common task! It is the central problem of
electrostatics.

Helpful Property 1: Linearity

If V2V, = _nlm) g V2V, = _2) qen

€0 €0

p1(r) + p2(r)

VE(Vi+ V) = —

15



This behaviour is known as linearity and gives rise to the “superposition principle” which
is used to sum potentials V' arising from different charge distributions (or different pieces of
the same charge distribution).

The extreme case of this is to sum the charge distribution as a set of point charges.

5 SIS SP S i 3)

€o

Warning: must check BC’s still satisfied
Superposition also applies to £ = —VV

often easier to superpose V' (scalar) than E (vector), but not always: go case by case

Helpful Property 2: Uniqueness Theorem
If a potential obeys Poisson’s equation and satisfies the known boundary conditions it is the
only solution to a problem. This is known as the uniqueness theorem.

Basically if one can find a solution by whatever means —usually educated guesswork—then
it is the unique solution.

Proof of Uniqueness Consider region R with boundary B. Let p(r) be specified within R

Figure 5: Diagram of region and boundary for Uniqueness Theorem

BCs: suppose either
(i) V is specified on B
(ii) £ = —VV is specified on B

Then any solution of Poisson’s equation obeying the BCs is the only solution [up to a boring
added constant in case (ii)] NB: B could be at infinity

Proof of Theorem
Suppose there are 2 different solutions, Vi, V5. Define v = V) — V5
Then V21 = 0 in R (Laplace’s equation)
BCs on B: case (i) ¢ = 0; case (ii) V¢ =0
Laplace: V¢ =0 = YV =0
= V- (V) — (Y)? =0

16



= [ [V @ve) - @] dr =0
Apply divergence theorem to first term

[owvds - [ (wuir=o

First term now zero by BCs in either case
The remaining integrand is non-negative, so it must vanish to get zero for the integral
V=0 = 1 =V, — V, = const

The constant is zero by BCs in case (i)

4. 3. Simple Example: hollow conductor

Figure 6: Diagram of cavity in a conductor

Consider a cavity R in a conductor Claim: If p = 0 in cavity, then £ = 0 inside

Proof: Inner surface is equipotential (since it is conducting), V' = V. This gives our
boundary condition

Now inside the cavity V2V = 0 since there is no charge.

Thus we must solve Laplace’s equation subject to the condition that V' is constant along the
(closed) boundary.

But one solution is V =V everywhere within R and this satisfies boundary condition.

Uniqueness: this is only solution = E = —VV = 0 for any charge-free cavity within a
conductor.

4. 4. The Method of Images

This is a technique for guessing (and then verifying) the solution to Poisson’s equation. Due
to uniqueness it is then the only solution.

The idea is to place a suitable set of “image charges” external to the physical region of the
field, in such a way that they generate the required boundary conditions, without affecting
Poisson’s equation within the physical region (since an image charge is not in the physical
region).

17



Point charge near a conducting plane

Consider a point charge, ), a distance a from a flat conducting surface at a potential Vi = 0.

Figure 7: Point charge near a conducting plane
The problem is to solve Poisson’s equation with a point charge at ae, and boundary condition
that V' = 0 on the boundary (z = 0) of the physical region z > 0.

Now the potential from the point charge at ae, is

1 1
CAdmeg (22 4+ Y2 + (2 — a)?)V/?

4 (4)

The idea is to consider an ‘image charge’ in the unphysical region z < 0. In the physical
region (z > 0) the potential due to such an image charge satisfies Laplace’s equation therefore
we can simple add it to (4) and still satisfy Poisson’s equation.

The correct guess for the image charge is —q at —ae,. This basically reflects the symmetry
of the problem. To check that the boundary condition is actually satisfied we write out the

potential
__4q 1 1 )
T e @+ =) @t (TR

and see that it vanishes at z = 0 as required.

N.B. if the conducting sheet is at potential V # 0 we simply add a constant V; to (5).

E must be normal to the conducting surface £ = F.e,. Therefore on the surface

o A (2 —a) n (z+a)
T 02, dre | @+ (G-a?PR @2+ a)?)PR|
- .

27meg (22 + y2 + a?)3/2
and the surface charge density is

0= -
2m (2% 4 y* + a?)3/?

Integrating this over the whole surface (left as exercise) shows that the surface charge is
—q. Note that there is an attractive force between the charge distribution on the conducting
surface and the point charge above it.

The method of images is not really a ‘method’ as such, more an inspired guess which works
when the problem has appropriate symmetry (see tutorial problems for further examples).

18



EM 3 Section 5: Electric Dipoles

An electric dipole is formed by two point charges +qg and —¢q connected by a vector a. The

electric dipole moment is defined as | p = qa |

By convention the vector a points from the negative to the positive charge. Here we also
take the origin to be at the centre and a to be aligned to the z axis (see diagram)

So far we are considering a physical dipole however it is useful to take the idealisation of an
ideal dipole which is a — 0, ¢ — oo but p finite. As we shall see the ideal dipole is a useful
approximation to the ‘physical dipole’.

Figure 8: Diagram of electric dipole aligned along z axis

5. 1. Field of an electric dipole

We first calculate the potential and then the field:

q 1 1
V= — - — 1
Ameg <r+ T_> (1)

where 71 are the distances from the +ve(-ve) charge to the point r.

Now

2
La/22=(%+aq- 270y =2 (14 Lcosh+ L
Ir +a/2| (r‘*ta-r+a*/4)=r rCOS +4r2

Now consider the “far field limit” | r > a

2\ —1/2
<1 F 2 cosd + a>
r

42

~

Sl= 3

(1 + 2% cosf + O((a/r)2))

where O((a/r)?) indicates terms proportional to (a/r)? or higher powers

Thus we obtain in the far-field limit

V:qacosﬁ_ p-r

dmegr?  4dmegr?

19



One can check that (away from the charges) this is a solution of Laplace’s equation (see
tutorial)

The components of the electric field E= —VV are simplest form in spherical polar coordi-

nates: oV 2pcosh 10V psind
COS Sin
A By = -2 _ pomy (3)

E, = _
r 00  4dmweyrs

or 4dregrs

To get a co-ordinate free form of the electric field we can use (see tutorial sheet 1)

B vy 1 (3(]9-7")7“ p) (@)

- 47eq rd r3

The important point to note is that a dipole field is 1/, whereas a point charge field is 1/r?

Figure 9: Sketch of electric dipole field: ideal and ‘physical’

5. 2. Why dipoles matter I

Many molecules have a permanent dipole moment p (e.g. Hs0)

All others, and all atoms, acquire an induced dipole when placed in E field

Since atoms and molecules are (a) neutral and (b) almost pointlike, the dipole concept is
crucial to understanding media see later.

5. 3. Interaction of dipole with external Electric Field

To calculate the force on a dipole in an external field E., = —V¢ (note here we use ¢ for
the electrostatic potenial of the external field) it is simplest to first calculate the potential
energy of the dipole in this field:

Ugsp = q9(a/2) — qd(—a/2)
~ qa-No=—p- Ey
where we have made a Taylor expansion to first order in a.

Thus Ugip is minimised when the dipole is parallel to the field and maximised when antipar-
allel. You need AU = 2pE to reverse the direction of the dipole!
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Moreover we can compute the force felt by the dipole through
F = —VUy, =V(p-E) (5)

There is no net force on a dipole in a uniform electric field, since the two charges of a dipole
experience equal and opposite force. However, in a non-uniform field the force moves the
dipoles along the field gradient.

In a uniform field there is still a torque which acts to align the dipole moment p along the
direction of E:

= (a/2) x (¢E) — (a/2) x (—qE) =p X E (6)
The work done by the torque in rotating the dipole from an aligned position through an
angle 6 relative to the field is:

0 0
W = / Tdh = / pEsinfdf = pE(1 — cos6) (7)
0 0

To summarise
i) dipoles tend to align with an external field

ii) dipoles migrate up field gradients

5. 4. Why dipoles matter 11

Let’s go back to the Taylor expansion of the electrostatic potential, this time for an arbitrary
bounded charge distribution confined to some region R

V() = / av'.! UG

4meq

_ 1 / qv p(z’)
ey JR (r2 —2r -’ +r?)1/2

12

In the last line we have used the expansion

1 3
1 ~1/2 1 _ 2 02
(1+2) 5Tt g+
and gathered together terms according to the power of r i.e. we have made a far-field

expansion (r > 1) in powers of 1/r.
We can tidy up the expansion to write it as

1 Q 1#P 1
+ r3 ) Z QijfiTy + -+ (8)

dreg v 4dmey 12 47eq

V(r) =
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where
= [ avp)
1%
P = [ avip
P /V r'p(r')
Qi = /VdV'(37“§ L — ()26 p(r")

o)

Thus @ is the total net charge ; P is the dipole moment and is the quadupole moment

r
with @ the quadrupole tensor (a basis dependent matrix). Each of the monopole, dipole,
quadrupole fields have distinct and characteristic shapes.

The first term (‘monopole term’) would normally be the dominant term and this would quite
reasonably represent the far-field charge distribution as that of a single lump of charge at
the origin.

However, when the total charge ) vanishes (as in the case of a dipole) it is the next term
(‘dipole term’) which is dominant. One can think of charge distributions where the second
term term also vanishes (e.g. electric quadrupole where P = 0 see figure) then the dominant
term becomes the third term (quadrupole term) and so on.

Figure 10: 4 charges forming an Electric quadrupole
Significantly, each term in the expansion (8) is separately a solution of Laplace’s equation
(outside of the region V' that contains the charge distribution).
Thus one can use the idea of the method of images and use an image dipole

1 (r—1")-P
dmey |r — 1!

Vv

at some point r’ outside of the physical region to solve Poison’s equation in the physical
region, and fix certain boundary conditions on the boundary of the physical region.

An example is a conducting sphere in a uniform external field £,. The boundary condition
is that £ is radial at the surface of the sphere which is an equipotential. This is achieved by
using an image electric dipole at the centre of the sphere - see tutorial. The result is that
on the surface of the sphere there is an induced charge distribution which is positive on one
side and negative on the other.

22



EM 3 Section 6: Electrostatic Energy and Capacitors

6. 1. Electrostatic Energy of a general charge distribution

Here we provide a proof that the electrostatic energy density: (energy per unit volume)

g 1, .,
= —¢|E 1
o = %lE (1)

Up =

is a completely general result for any electric field.

An assembly of n — 1 point charges at positions r; gives a potential at r; (N.B. here the

subscript labels the charge):
1 n—1 qj

dmeo = |y — 1y

o(r;) =

N.B. Here we use ¢ for potential to avoid confusion between potential and volume V.
Bringing up another charge ¢, (the nth one) from infinity to point r,, requires work:

n—1

Adn q;
Wn: n n) —
() = 3 ; o

i.e. for charge 1, the work is zero since there is no potential yet, for charge 2 the work is ¢y X
potential due to charge 1, for charge 3 the work is g3 x potential due to charges 1 charge 2
etc

So the total energy Ug of the charges, which is equal to the total work required to assemble
all n charges, is

n

Z Z a49; Zn: Z - 4iq5

il [  8mep ¢ G r; — 14

471'60

Make sure you understand the factor of 1/2 which appears in the second equality when we
allow both sums to go over all charges.

We can write the final equality as

= ; ZZ: 4P (2)

where ¢; = Z S B is the potential at r; due to the other charges j

7 Ameolr; — 1y

This can be generalized in the limit of a continuous charge distribution to an integral over

the charge density p:
1
Ezi/ﬁ@W@MV (3)

It turns out that we can write this integral in another way. First recall

v.E="

€0
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Then (3) becomes
Us =5 [(V-E)pdv @

Now use a product rule from section 1 to write

(V- -E) = V-(¢F) - (Vo) -E
= V- (¢E)+|E)?

whence (4) yields two integrals. The first can be rewritten using the divergence theorem

| - @BV = [ (6E)-ds

Then taking V' as all space and the boundary S at infinity where we have boundary conditions
¢(00) = 0 and V¢ = 0 which means that this integral is zero. Therefore the final result
comes from the second integral:

Up =2 B2V (5)

2 Jau space

and from this we get (1) for the energy density.

Warning: The general result (5) was derived for a continuous charge distribution since we
began from (3). When there are point charges we have to be careful with self-energy contri-
butions which should be excluded from the integral (3), otherwise they lead to divergences.

Equation (3) leads us to think that Electrostatic energy lies in the charge distribution whereas
from (5) we might infer that the energy is stored in the electrostic field. Which picture is
correct? In fact these interpretations are tautologous.

A final thing to note is that since (5) is quadratic in the field strength we do not have
superposition of energy density.

6. 2. Capacitors

A capacitor is formed when two neighbouring conducting bodies (any shape) have equal and
opposite surface charges. Suppose we have two conductors one with charge () and the other
with charge —@). Since V is constant on each conductor the potential difference between the
two is V' = V] — V4. In general to actually find V(r) and E can be difficult (need to solve
Poisson’s equation between conductors). However there will be a unique well-defined value
of the capacitance defined as the ratio of the charge on each body to the potential difference
between the bodies:
Q

Va

C (6)

Capacitance is measured in Farads = Coulombs/Volt.

A capacitor is basically a device which stores electrostatic energy by charging up
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Figure 11: Diagram of Parallel Plate Capacitor

Parallel Plate Capacitor

Two parallel plates of area A have a separation d. They carry surface charges of +o and
—o, which are all on the inner surface of the plates because of the attractive force between
the charges on the two plates. The normal to the plate is taken in e, direction (positive up).

To obtain the Electric field we use Gauss’ Law. First take a pillbox that straddles the inner
surface of the upper plate say. Now inside the conducting plate £ = 0. Therefore between
the two plates the field normal to the inner surface of the upper plate is

+o o
Einside = <<260)> (_QZ) = _aﬁz

Now take a pillbox that straddles the outer surface of the upper plate since there is no charge
on the upper surface and since inside the plate E is zero we must have that £ = 0 at the
outer surface.

Eoutside =0 Einside - _SQZ
€o
Now oV
E.=—— = V= 7=
0z €0
and the potential difference between the plates is:
Qd
Vi=-"— 7
d A€0 ( )
Q Aeg
C==2="7 8
v, d (8)

Note that C' is a purely geometric property of the plates!

6. 3. Electrostatic Energy

Let us compare the energy of the charge distribution in the capacitor using the two formulas
(3,5) derived in the last section.

First use (3): The integral simplifies to a sum of two contributions from the upper plate
which has charge ) and potential ¢; and the lower plate which has charge —() and potential
¢2 U = %(¢1 — ¢2) = L2 Thus

g @a_Cvi_ @

2 2 20 9)

25



where we have used the definition of capacitance.

On the other hand we can integrate over the electric field, which is constant between the
plates, using (5).

2
Up = [ 1BV = Cad (")
2 2 €0
and using the definition of capacitance the result (8)
d Q* _ @

UE 260 A %

6. 4. *Finite size disc capacitors

So far we have assumed the capacitor plates are effectively infinite. In this case the electric
field between the two plates was uniform When should you worry about the finite size of
capacitor plates?

For a finite-size capacitor it is possible that there are edge effects where the field can bulge
out of the capacitor and also non-uniformity of the field within the capacitor. To get a
feeling for when such effects become important let us compute the potential and field due to
a finite-size disc.

For a finite size disc of charge in the z—y plane, carrying a surface charge density o, we
perform a two-dimensional integral over the charge distribution to obtain the potential at a
height z along the axis of the disc

1 / odS
This integral is easy when we use plane polar co-ordinates for the disc dS = pdpd¢ where
p* =z +y* and

271'
V(z) = 47T€0/ / p +22 (02 & 2\1/2

R
_ 9 1/2]
47% W[(ﬂ +2°%)

[(Rz—l—z )2 }

Jp= 0 260
Now the z component of the field is

A 1
: 0z 2¢y | (R? + 22)1/2

and we see that there is a z dependence so the field is not uniform.

The limit R < z corresponds to a point charge:

g R\
E(R<<z):260<1—(1+22) /)ez:
The limit R > 2 gives the uniform field of an infinite plane of charge:

E(R> 2) = %gz (10)
0

Only when R = z do you need to consider the finite size of the disc!

O'RQ_ Q

degz?  4areyz?

Edge effects for a capacitor are limited to the regions where the gap distance is compa-
rable to the distance to the edges of the plates.

26



EM 3 Section 7: Magnetic force, Currents and Biot Savart Law

7. 1. Magnetic force

The magnetic field B is defined by the force on a moving charge:

F=q(E+vxDB) (1)

This is the Lorentz Force Law. The second term is the magnetic force. The unit of
magnetic field is the Tesla (T) which is NA™'m~!. Actually this is a pretty big unit and a
Gauss = 1074T.

7. 2. Current density and current elements

The first thing to note is that a moving charge by itself does not constitute a current. Instead
we need a moving density of charges. For the moment we will consider steady currents so
that at any point we have a constant density of charged particles moving past the point
(clearly we will need sources of current somewhere but let’s not worry about that for the
moment). Also we can have zero net charge but a steady current, if the densities of positive
and negative particles are the same but their velocities are different. A current consists of
n charges ¢ per unit volume moving with average velocity v. These charges form a local
current density:

J =nqu (2)

The total current passing through a surface is obtained by integration:

I:Ai-@ (3)

where as usual d.S points normal to the surface.

Units

The unit of current is the Ampere (A), which is a base SI unit, 1A = 1Cs™!.The unit of bulk
current density J is A/ m?2. We can also have surface current densities usually denoted K or
j (‘units A/m) and line current densities usually denoted I (units A). Calling all of these
‘densities’ is a bit confusing since none has units of current per unit volume but that is the
way it is!

What we shall see is that steady currents play the key role in magnetism as do electric
charges in electrostatics, that is

Stationary charges = constant electric fields: electrostatics
Steady currents = constant magnetic fields: magnetostatics

27



A current element, denoted here dZ, has units A m and is a vectro

dZ(r) = J(r)dV Current element in bulk

dZ(r) = K(r)dS Current element on surface
dZ(r) = I(r)dl Current element along a wire

Warning: you need to take care with current elements e.g. KdS # KdS since the left
hand side points in the direction of the current vector on the surface, but the right hand
side points normal to the surface. On the other hand Idl = Idl since a line current element
always points along the wire in the direction dl.

Figure 12: Diagram of rotating charged disc

Example: Rotating disc An insulating disc of radius R, carrying a uniform surface charge
density o, is mechanically rotated about its axis with an angular velocity w (in the e,
direction). As a result it has a current density on its surface:

K =o0v=o0wxr=orweg (4)

Note that the current density increases linearly with r. Check that you understand how the
direction comes from the right hand rule.

Conductivity

The quantity o (conductivity) or p (resistivity) describes the intrinsic conduction properties
of a bulk material in response to an electric field. The current density is:

1
J=0ok P:; (5)

Note that o is a property of a particular material, and that it depends on temperature. A
typical value of ¢ for a metal is 6 x 107 Q= 'm~1

Remark: Actually (5) makes a crucial assumption that J and E are parallel which is not
necessarily the case for some non-isotropic materials where for example current can only flow
in certain directions. In such cases one needs a conductivity tensor.

The force on a steady current element is

dF =dI x B (6)
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In particular, if the current element comes from a bulk current density dZ = JdV we have:

dF = J x BdV (7)

7. 3. Biot Savart Law and Calculation of Magnetic Fields

Just as a charge creates an electric field, so a current element at r’ creates a magnetic field
at a position r:
— @ﬂ(zl) X (Z _ Z/) (8)

This is known as the Biot-Savart Law. The law was established expermentally; we shall
take it as our starting point. It plays the same role for magnetostatics as Coulomb’s law for
the electric field due to a point charge in electrostatics.

dB(r)

47T ’K _£/’2

The constant g is known as the permeability of free space:
o = 47 x 107 "Hm ™ (9)

The direction of the field is perpendicular to dZ(r’) and the vector from the current element
to the point r, r — r’ . The direction can be remembered from the usual right hand rule for
vector products.

Note that superposition holds for magnetic fields, therefore the magnetic field can be
calculated by integration over current elements:

po [dZ(r') x (r—1')
B(r) == / 10
B = [ (10)
or by integration over a volume containing a distribution of current density:
po [ () x (r=1)
B(r) =1 / dv 11

7. 4. Magnetic Force between Currents

Substituting the Biot Savart Law for the magnetic field due to a current element into (6)

dFy, = 45702@1 X (dZy X T19) (12)

12

which corresponds to the force between a pair of current elements. Here r;, points
from dZ, to dZ, Equation (12) is also referred to as Biot-Savart law and is the equivalent of
Coulomb’s law for the force between two point charges.

If the current elements are due to current densities we have
Ho .
dF, = —=J; x (Jy x 17)dVid Ve 13
APy, = 00, X (1o x D)AVidY; (13)
where the force is attractive for parallel currents, and repulsive for antiparallel currents.
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Figure 13: Diagram for calculating B from an infinite straight wire
7. 5. Example of long straight wire

We consider a long straight wire which we choose to be along the z axis so that a point r/
on the wire is given by r’ = 2’e,. We want to compute the field using (10). It is best to
use cylindrical polars: we choose the origin along the wire so that r is L to ez i.e. r = pe)
where p is the radial distance of the point from the wire.

Now dZ = IdZ'e, and dr’ = dz’e, so
dr’ x (r—r') =dr’ x 1 = pde,

and we find ,

T dz
0 =55 | iy
To evaluate the remaining integral we use substitution 2’ = ptan so that dz’ = psec?dd
and p? + 2% = p?sec? . Then we obtain

1 /2 1
B(r) = Ho cos 0df = gig

= Ep% —7/2 ™

We now consider the force on a current element of a second parallel wire (at distance d

Figure 14: Two parallel wires separated by distance d

from the first) coming from the magnetic field B;(r) due to the first wire. Again we choose
coordinates so that this current element lies at r = pe, in cylindrical polars

!
dF = dly(r) x By(r) = Ldzez X o =heg

_ tod1 1o dze
2md =P

There is an attractive force per unit length between two parallel infinitely long straight wires:
this is the basis of the definition of the Ampere.
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EM 3 Section 8: Divergence and Curl of B; Gauss and Ampere’s laws

8. 1. Divergence of B and Gauss’ Law for Magnetic Fields

We can write the Biot-Savart Law for B due to a bulk current density using the expression

for V(1/r) as

Br) =12 [ 1() x G P [ 26) % v<

drn v lr —1’|? A1 Jv

) v’ (1)

r— 1|

Now since V is with respect to the r coordinates and J(r’) depends on r’ we find

v (a2 (1)) = e (20w () ) o

where the last equality follows since ‘curlgrad =0’

Therefore

V-B=0 (2)

This remarkable result is the second fundamental law of electromag (Maxwell II)

A magnetic field has no divergence which is a mathematical statement that
there are no magnetic monopoles

This means that there are no point sources of magnetic field lines, instead the magnetic fields
form closed loops round conductors where current flows.

Now the divergence theorem states that
[ ¥-Bav={ B-as
v A

Thus the net magnetic field through any closed surface A must be zero

§,B-ds =0 3)

which is sometimes referred to as Gauss’ law for magnetic fields.

8. 2. Magnetic Dipoles

Since there are no magnetic monoples we should identify what is the equivalent of an electric
dipole i.e. a magnetic dipole. It turns out this is a current loop. Consider a circular current
loop radius a carrying steady current [ in the clockwise direction with axis in the e, direction

We consider the contribution to the magnetic field at r along the axis of the loop due to the
current element dZ(r') at 1’ using the Biot-Savart law

—

_ po dZ(r') x (r — 1)

T |£_£/|2

dB(r)

(4)
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Figure 15: Simple current loop with axis along z axis
We choose coordinates so that r = ze,, 1’ = agp/, dZ = [dlg(b/ and |r — r'| = (22 + a®)V/2.
Then -
dZ(rf) x (r = 1) = Idl(rep’ + aez)

Now we see that the dB is not along e, but when we integrate around the current loop the
perpendicular components cancel. Therefore we consider

poladl

dp, — —toredt
47 (22 + a?)3/?

Note that this does not depend on the angle ¢’ around the ring therefore when we integrate
over dl we simply get a factor 2ma and

tola®
B. = 2(a? + 22)3/2 (5)
At the centre of the loop (z = 0):
B, = ol
2a
At a large distance from the loop (z > a):
B, ~ pola®
223

To extend this calculation to an arbitrary position r (at all angles 6 relative to the axis of
the loop) is tedious, but it can be shown that the field of a loop is a magnetic dipole field
i.e. in the far field limit of r > a one finds

Bay(r) = 175 3(m - 2)2 — ] (6)

where the magnetic dipole moment, m, is the product of the current and the vector area of
the loop:
m = Ima’e, = I Ae, (7)

In fact this result holds for a small current loop of any shape and with magnetic dipole
moment, m, defined as

m:IAzf/@ (8)

where a is the vector area of the loop
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The (ideal) magnetic dipole field has the same form as the (ideal) electric dipole field:

2m cos 6 _ pomsing

B, = By = 9
Ho 473 o 473 9)

However the ‘physical’ versions of electric and magnetic dipole look a bit different

Figure 16: Sketch of ideal and physical magnetic dipole lines Griffiths fig 5.55

It can be shown that: an external magnetic field creates a torque on a magnetic dipole:
T'=m X Bey (10)
and the potential energy of the dipole in the field is:
U=—m: By, (11)

So one can think of a compass needle (magnetic moment along the needle) aligning with the
Earth’s magnetic field.

One could think of a magnetic dipole being composed of two monopoles (the ‘Gilbert Model’)
and this gives the correct results for torque and energy. However this picture is basically
wrong as the fundamental difference between a magnetic dipole and an electric dipole is that
it is impossible to separate the N and S poles of a bar magnet for example.

8. 3. What has this got to do with everyday magnets?

You might wonder what current loops have got to do with ordinary bar or fridge magnets.
The point is that in most atoms the electrons orbiting an atomic nucleus act as current
loops, so atoms can have magnetic dipole moments. Moreover even an electron has ‘spin’
which generates a magnetic moment.

8. 4. Curl of B and Ampere’s Law

Consider again the Biot-Savart law in form (1) and take the curl

V x B(r) = —%; /VYX (J(T’) ><V<|T_1r,|>> v’ (12)
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where the curl is with respect r coordinates so can be taken inside the integral which is over
r’ coordinates. Now using a product rule from lecture 1 and remembering that J(r’) does
not depend on the co-ordinates of r

VX<J<T/)XV<|T—1T'|>> — V2<|T_1T,|>J(T/)_(J(T/)-V)V<|T—1r’|>

= —Ard(r =) () - (J() - V)V (Ir - r'|> "

1
where we have used the now familiar result V2 () = —47(r). When we insert (13) back
r

into the integral (12), the second term can be shown to give zero since it can be written as
a ‘boundary term’ which vanishes (see tutorial). The first term in (13) however yields

V X B = o (14)

This is another fundamental law of electromagnetism i.e. Maxwell IV
The curl of a magnetic field around an axis is proportional to the component of the current
density along the axis.

To obtain an integral form of Ampere’s law we use Stokes’ theorem:
§Bai—[(vxB)-as
c A
Thus (14) becomes when we integrate over any an open surface bounded by closed loop C

[(¥xB)-ds=f B-di=p [ 1 ds

The integral of the magnetic field round a closed loop is related to the total
current flowing across the surface enclosed by the loop:

§ Bedi=puol=po [ J-d8 (15)
C A

In a similar way to Gauss’ law in electrostatics, Ampere’s law is very useful for calculating
magnetic fields when there is a high degree of symmetry to the problem.

Example: An infinite wire of finitie radius a carries a uniform current density, .J.
Outside the wire at radial distance p:

By2mp = uo/i@:uol
A

Hol

B, —
¢ 2mp

(16)
The field outside the wire drops off with distance as 1/p. This is a much easier derivation
than integrating the Biot-Savart law

Now consider the field inside the wire:
2

By2mp = uo/ J-dS = poJmp? = uol%
A a

tolp
By = 2ma? (17)

The field inside the wire increases with radius.
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EM 3 Section 9: Applications of Ampere’s Law; Magnetic Vector Potential

9. 1. Applications of Ampére’s Law

fcﬁ'dzuo/Al'ﬂzuol (1)

Like Gauss’ law for electric fields Ampere’s law is the most efficient way of calculating
magnetic fields when the system has some symmetry. The symmetries which work are

e Infinite straight lines (see straight wire example from last lecture)
e Infinite planes (see next example of current sheet)
e Infinite solenoids (see tutorial 5.1)

e Toroids (see toroidal example below)

The difficult part is working out the direction of the magnetic field; after that Ampere’s law
readily gives the answer by choosing the Amperian loop appropriately

Field of an infinite slab of current (Griffiths Example 5.8)

An infinite sheet of conductor of thickness d, carries a uniform current density J parallel
to the surface of the sheet. Let us take e, normal to the sheet and choose e, to be along

Figure 17: Infinite current sheets and Amperian loops (Griffiths Fig 5.33)

the direction of the current. By B-S law B field has to be perpendicular to J. Now the
symmetry of the infinite plane means that any component of B in the e, direction cancels.
Thus the planar symmetry implies that B is in the ¢, direction lLe. | to plane and L to
current.

We take the integral round a rectangular loop || to the y—z plane loop of length [ and height
h enclosing the sheet. The magnetic field outside the slab is then:

poJd

AB,| = poJid  |B,| ==
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This is a uniform magnetic field but note that the directions of the field on the two sides of
the sheet are opposite to each other!

poJd
2

poJd
2

B=— ey for z>d/2 B =+ ey for z < —d/2 (2)

The field inside the conducting sheet can also be calculated by choosing a loop in the y—2z
plane that straddles the surface of the sheet. Then using the above result for the portion
outside yields that inside the slab

B, = —ppJz |z| < d/2

where z = 0 is at the centre of the sheet. (Exercise)

Field of a toroid (Griffiths Example 5.10)

A toroid consists of a set of coils of radius R, carrying a current I, and formed into a larger
circle of radius a, so that they look like a doughnut. There are n coils per unit length around
the larger circle. The toroidal symmetry is a little subtle: there is clearly symmetry with

Figure 18: Doughnut shaped toroid (see Griffiths Fig 5.39 for more general toroid)

respect to rotation about z axis (no dependence on ¢) but also since the current always flows
in the €p — €z plane one can deduce from the BS law that the field must always be in the
e direction i.e. it is circumferential (since other components cancel).

Griffiths Ex 5.10 gives a proof of this for a toroid of arbitrary cross-section.

Then we take our Amperian loops to be circles L to e,. If the circle is not enclosed by the
toroid, the current which cuts the circle is zero. Therefore B = 0 outside the toroid

If the Amperian loop is a circle enclosed by the toroid of radial distance from z-axis p, then
By2mp = pon2mal

Note that the rhs is constant since the same number of turns is always enclosed by such a
loop. The field inside the toroid coils is:

~ ponla
p

By (3)

Note that this is not uniform, but only depends on p the radial distance from the z-axis.
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9. 2. The Magnetic Vector Potential

Just as the theorem of 1.7 was the heart of Electrostatics the following theorem is the heart
of magnetostatics:

The following three statements concerning a vector field B over some region in space are
equivalent

1. V- B =0 the vector field is “solenoidal”
2. B =Y x A the vector field may be written as the curl of a vector potential

3. the surface integral of the field / B -dS is independent of the shape of the surface for
A

a given boundary curve; a consequence is % B -dS =0 for any closed surface A
A

We do not prove all the equivalences (see Griffiths 1.6) but it is clear that 2. implies 1. since
‘div curl =0’

V-B=V-(VxA)=0 (4)

Thus starting from the key property of the magnetic field is V - B = 0 (no monopoles), we
find from 2. that we may always write the magnetic field as the curl of a vector potential

B=VxA (5)

and 3. gives the integral form of Gauss’ law for magnetic fields

Using Stokes’ theorem
op= [ B-as—¢ A-al (6)
A c

The magnetic flux through a surface is given by the integral of the magnetic vector potential
around the loop enclosing that surface.

9. 3. Poisson’s equation for the vector potential
Ampere’s law can be written in the form:
VxB=Vx(¥VxA) =pt
Using a vector operator identity for “curlcurl” (see lecture 1) this becomes:
VPA-V(V-A) = —pod (7)

In the same way as we are free to choose the value of the scalar potential in electrostatics to
be V(c0) = 0, we are free to choose the divergence of the magnetic vector potential.

This property is known as gauge invariance.
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The choice of V - A = 0 is known as the Coulomb gauge. It leads from (7) to Poisson’s
equation for the magnetic vector potential:

V2A = — o (8)

These are three equations, one for each of the components of the vector potential :
V2Ax = —/L()J;B V2Ay = —,quy V2Az = —,u()JZ (9)

Assuming that J goes to zero at infinity we can read off the solution using our knowledge of
the solution of Poisson’s equation

Alr) = Z—; / ) gy (10)

Ir —r'|
The equivalent of the expression the electrostatic potential from a charge can be written
down for the magnetic vector potential at  due to a current element Idl’ or JdV’ at 1’

_ o)Al o () dV (11)

CAdrlr —1'| Aw|r — 1|
Note that the direction of dA is parallel to the current element whereas dB is perpendicular
by B-S law.

dA(r)

Example: vector potential of magnetic dipole (see tutorial)

po m X T
A(r) = =2 12
Ar) = 102 (12)
9. 4. Pause for thought and summary of statics
. . ap )
Electrostatics: Stationary charges % 0 are source of electric fields
v.E=" (13)
€o
Coulomb’s law (field due to point charge) leads to
VxE=0 MI = FE=-VV
In turn the above lead to Poisson’s equation for V
vy =L
€0
Magnetostatics: Steady current loops a—; = ( are source of magnetic fields.
V-B=0 MII (14)

Biot-Savart law (field due to cuurent element) leads to
VXxB=yuJ MIV and B=VxA
In turn in the Coulomb gauge the above lead to a vector Poisson equation for A

V2A = —pod

In the following we shall see how MIII and MIV need to be modified when time-varying
fields are present.

38



EM 3 Section 10: Electromotive force and Faraday’s Law

10. 1. emf

So far we have considered steady currents and in particular steady current loops. However
they actually don’t exist! (at least not without a little help). To see this let’s assume Ohm’s
law J = o F holds. Then

flxkzafﬂxkza/EXE@EZO
C C S

since V. x E = 0. Therefore I must be zero for the loop. The way out is to have a “battery”
somewhere in the loop which causes a jump in the electric potential so that the integral from
one terminal of the battery to the other

E=$E-d (1)

where & = AV is the potential supplied by the battery. This is known confusingly as an
“electromotive force” (emf) (although it’s not a force it’s electrostatic potential difference).

Then j{i -dl = IL = 0 AV and we get the elementary form of Ohm’s law V' = IR with
R = L/o and L the length of the loop.

Generally we can express the emf by considering the force on a unit charge f = f + E where
f_is the force due to some external source ( e.g. battery) and E is the force from the electric

ﬁgld. Then
5_—}(f-dz_—ff vl
c= c s

10. 2. Induced emf

Consider a rectangular loop of conducting wire [ moving with velocity v perpendicular to
a uniform magnetic field (into the page). The charges in the segment of the loop (ab)

Figure 19: Rectangular conducting loop moving in magnetic field (Griffiths Fig.7.10)

perpendicular both to B and to v experiences a force in the ab direction

[y =X B E=ff -dl—vBh 2)

L mag
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where h is the length from a to b.

Aside: you may worry that a magnetic force imag = qu X B should do no work! —this is
because if the charge ¢ moves di = vdt then dW,,,, = imag dl = q(v x B) -vdt = 0. So
actually it is the person pulling the loop that is doing the work to produce a current i.e.
when the current flows in ab it creates a magnetic force d imag = d7Z x B to the left on an
element of the wire and this must be balanced by a pulling force to the right.

Now consider the magnetic flux through the loop
@B:/E.@:BA:BW

where A is the area and the flux intergal is simply currentx area here becuase dS || B in
this example.

d(I)B dz
=B _Bp——_B
TR "
Therefore comparing with (2) we see
ddp
E=——— 3
gr (3)

This result actually holds for general loops, B and v (for proof see Griffiths fig. 7.13).
It is known as the flux rule or Faraday’s law of induction. & is known as an induced
electromotive force (emf).

10. 3. Faraday’s Law

As we have seen in (3) the induced emf can be understood in terms of the time variation of
the magnetic flux through the current loop. Note that the magnetic flux ¢p = [ B -dS can
be changed by varying any of |B|, [ dS or the angle between B and dS.

Figure 20: Summary of Faraday’s experiments ( Griffiths Fig. 7.20)

In a famous seris of experiments Faraday found that an emf can be induced by:

1. Pulling a current loop through a magnetic field.
2. Moving the magnet and area containing a field to the left

3. Changing the strength of the field
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N.B. In case 2. we clearly see from relativity that the two scenarios must yield the same
result i.e. in both cases the loop moves relative to the magnet with the same velocity. But
actually this has enormous consequences for the physics: in case 2 the loop is stationary
therefore, for the charges to feel a force, there must be an electric field present i.e. we
deduce that the changing magnetic field induces an electric field.

10. 4. Differential form of Faraday’s Law

Let us take Faraday’s law (3) and use our definition of emf (1) to find

fE-dz:—(i/B-dsz— (?f-d

where in the last equality we have assumed that only the magnetic field is changing

Now use Stokes’ theorem

fEa=[@xp as=-[ %

which holds for an arbitrary surface A implying

VxE=-52 (4)

This is the full third fundamental law of electromagnetism MIII.
The curl of an electric field around an azis is proportional to the time variation of the
magnetic field along the axis.

10. 5. Lenz’s Law

Determing the sign of the flux in Faraday’s law often proves troublesome. But there is a
simple rule known as Lenz’s Law that gives the right answer.

The induced emf always acts to oppose the change that causes it or Nature abhors
a change in flux!

e In the case of the moving current loop at the start of this lecture, there is a force on
the current in the wire f = I1B which acts to decelerate the wire.

e Additional work has to be done to move a current loop into or out of a magnetic field,
or through a non-uniform field. This is to overcome the induced emf.

e For a rotating current loop (see next lecture), there is a torque m x B due to the
magnetic moment of the loop. This always acts to slow down the rotation.

e A time-varying magnetic field produces eddy currents in conducting loops.
The dipole fields of these loops act to reduce the time-variation.
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10. 6. Faraday’s Law in terms of Magnetic Vector Potential

The two equations:

VXxE= 0B B=VxA
ot
can be combined to give:
0
E=—— A
VxE=-5({x4)
A solution to this equation is clearly:
0A
E’ —_ _
- ot

(5)

The electric field due to induction can be expressed as the time-derivative of the magnetic

vector potential.

The general solution is obtained by adding in a static electric field, which is expressed as the

gradient of the scalar potential:

E:_;_
- ot YV

This does not change the form of Faraday’s law because “curlgrad =0 ".

(6)

Note that the equation E = —NV only applies to electrostatic situations when there are

no time-varying fields.

Thus we can think of two kinds of electric field: those coming from a static charge distribution

and which may be written as £ = —VV'; those coming from a changing magnetic field and
: . 0A
which may be written £ = o
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EM 3 Section 11: Inductance

11. 1. Examples of Induction

As we saw last lecture an emf can be induced by changing the area of a current loop in a
magnetic field or moving a current loop into or out of a magnetic field.

Here we consider some common examples of rotation of a current loop about its axis in a
uniform magnetic field.

AC generator

A generator has a coil of area A rotating about its diameter in a uniform magnetic field with
angular velocity w: In this case it is only the angle between the field and the loop that is

Figure 21: AC generator

varying:
®p = AB coswt (1)
do
E= _Tf = —ABwsinwt (2)

This system generates an alternating current (AC) with frequency w. The current is 7/2 out
of phase with the rotation, so the peak current is obtained when the flux is zero, i.e. when the
loop is parallel to the magnetic field. There is zero current when the loop is perpendicular
to the field.

Rotating disc of charge

An insulating disc with a uniform surface charge rotates around its axis. There is a uniform
magnetic field parallel to the axis of the disc.

The force on an element of charge, ¢, on the disc at radius, r, is:

dF = quBey = qrwBey (3)

where e, is the radial basis vector on the disc. This magnetic force is equivalent to a radial
electric field:
E' =F/q=rwBey (4)
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and there is an induced emf between the centre and outer radius of the disc:
B 2
e=[E-ar =" (5)

This emf acts outwards to try and move the charge to the outside of the disc. If the disc
were a conductor this would actually happen.

So what happens to the flux rule for this type of problem? Basically it is not clear if there is
any current loop to consider a flux through. Thus, as it stands, the flux rule £ = —d®g/dt
only works when there is a fixed current loop.

11. 2. Mutual Inductance

Consider two current loops I,I5 at rest. The current I; will lead to a magnetic field B,
which will lead to a magnetic flux through loop 2

®y = /Bl -dSy = My 1y (6)

Ms>; is the mutual inductance of the two loops; it relates the flux through loop 2 to the
current in loop 1.

Now let us use the vector potential and Stokes’ theorem to obtain an explicit form for M,

o, = /(EXAQ ‘@2 :fA1 -dl,
2
_ ﬂofl ]{]{ di; - dly
|y — 15
where we have used the formula for the vector potential from section 9 equation (10). Thus
di, - dl
b8 5 A (7)
|y — 1y
where the integrals are taken round both current loops. This is known as the Neumann
formula but it is not very useful for most practical applications. What it does reveal is that

Mg =My =M (8)

which is a remarkable result i.e the flux through 1 when there is current I in 2 is the same
as the flux through 2 when there is current I in 1 whatever the geometry of the loops!
The relative geometry of the two conductors enters through M which is a purely geometric
quantity (a double integral around the loops)

Now let us introduce time-dependence and vary the current/; in 1. The changing flux through
2 then gives rise to an emf

~do, dl
&= =—-M—
At dt

By Lenz’s law this emf opposes the change in current.
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11. 3. Self-Inductance

The above discussion similarly applies to the source loop itself i.e. a changing current in a
loop induces a “back emf” which opposes the change in current.

The self-inductance of the loop, L, is defined as the ratio of the induced emf to the current
change:

dl
E=-L— 9
It can also be written as:
by =L1I (10)

The unit of inductance is the Henry (H), which is 1 Vs/A.

Inductance of a Solenoid

For a long solenoid (length [, radius a, with n loops per unit length) there is a uniform
magnetic field along the axis of the solenoid:

B, = ponl (11>

This result can be shown using Ampere’s Law (see tutorial 5.1).

The flux through all nl loops is:
by = / B-dS = [,LOTlIﬂ'(IQTLl
A

and the self-inductance of the solenoid is:

L = pon’ra®l = pon?V (12)

11. 4. Energy Stored in Inductors

The work done to create a current in a loop against the induced emf is related to the self-
inductance L:

dUp, dl
— = -¢l=LI—
dt dt
Integrating this gives:
1
Uy = 5LI2 (13)

For two coils with a mutual inductance:
1 2 1 2
UM - §L111 + §L212 + M121112
Ezxample of solenoid For a long solenoid the self inductance and magnetic field are:

L = pon®ma®l B = pgnl
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The energy stored in the solenoid is:

This can be written in terms of the energy density associated with the magnetic field:

AUy |BP
dV N 2[1,0

Note that this treatment of the energy density of a magnetic field in an inductor is very
similar to the treatment of the energy density of an electric field in a capacitor.

We can write the result (13) in a form that uses the magnetic vector potential and the
current density. As before the flux is given by

o= [(Yx4)-dS=fA-a

Thus using the definition of L
LI=fA-d

and we find for a current loop that

I 1
244 :fij.f
Unt 274 dl =5 Idl

The generalisation to volume currents is

1
UM:§/A~JdV (14)

We can develop (14) further by using Ampere’s law and a product rule from lecture 1

foA - J A- (¥ x B)
= B-(YxA)-V-(AxB)
= B-B-Y-(AxDB)
Consequently
_ 1 2
Un = 5 {/de /z (AxB)dV}
_ 1 2
_ 2MOUBdV—7{S(A><B) dS]

The second intergal is a boundary term which vanishes when we take the volume over all
space, therefore

1
Uy = — / BI*dv 15
M 2#0 allspace |7| ( )

In a similar way to the electrostatic energy Ug, we can think of the magnetic energy be-
ing stored either in the (localised) current distribution (14) or throughout all space in the
magnetic field (15).
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EM 3 Section 12: The Displacement Current

In this lecture we complete the discussion of the fundamental laws of electromagnetism, and
introduce electromagnetic waves for the first time.

12. 1. Continuity equation
Consider a conserved quantity for example electric charge—experimentally it is known that
electric charge is always conserved.

We consider a volume V' and the rate of change of the total charge Q in that volume. In the
case where there is no creation or spontaneous loss of charge inside the volume we have

T J.ds (1)

where the right hand side is a flux integral which expresses the total current out of the
volume, therefore the left hand side has a negative sign.

Writing the left hand side as a volume integral over charge density p and the right hand side
as a volume integral by virtue of the divergence theorem gives

0

2 dV:/V-JdV
ot vp v

Since this must hold for an arbitrary volume V' we deduce the differential form:

o _

o = Y

J (2)

The divergence of the current density at any point is proportional to the rate of change of
the charge density at that point.

This is continuity equation which is a statement of local conservation (here for charge).
In fact it holds for any conserved quantity (mass, energy, electric charge, momentum, and
even probability) and is one of the most general and useful equations in physics.

12. 2. The Displacement Current
Let us return to the differential form of Ampere’s law
V X B = puJ (3>
and take the divergence of both sides:
V- VXB=puV-J
Now since the divergence of a curl is always zero we find

V-J=0
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This result is inconsistent with the continuity equation since generally (unless the charge
distribution is static)

dp

—=-V-J#0

ot V17
To satisfy the continuity equation generally we need to modify Ampere’s law (MIV) by the
addition of a displacement current term to go along with J i.e. we want to have when
we take the divergence of the modified MIV

v-<vXB>=Mo(v~J+gf)=o (4)

Using Gauss’ law MI we can replace p with the divergence of the electric field:

V(Y x B) = o (V'J-l-Eogt(v'E))

The order of the time derivative and the divergence of the electric field can be reversed, and
the divergence operation removed from all terms to leave:

OF
B: _
VXi M0<J+ant> (5)

This is the Ampere-Maxwell law (MIV) which holds for both static and time-varying charge
distributions and fields.

Maxwell’s stroke of genius was to include the displacement current term—often called the
Maxwell correction—albeit for different reasons than we have given here! In any case we
conclude that

The effect of a time-varying electric field is to produce an additional contribution to the curl
of the magnetic field.

Is the displacement actually a current? Answer is not really (see next subsection) but it
does, of course, have the dimensions of a current.

12. 3. Capacitor Paradox and Resolution

Consider the circuit in the figure which illustrates a parallel plate capacitor charging up

Figure 22: Capacitor paradox (Griffiths fig 7.42)

and current [(t) flowing in the wire. If we want to compute B by taking an Amperian loop
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in the form of a circle around the wire (outside of the capacitor) then the surface S that we

should take to compute
FBal—po [ J-as
S

does not appear to be well-defined e.g. taking S = S} as the surface of the disc in the plane
of the loop gives [¢ J-dS = I; but taking S = S5 as an extended surface which goes through
the gap between the plates and which does not cross the wire gives [, J-dS = 0 since there
is no current flowing between the plates. But really Ampere’s law should hold independent
of the surface bounded by the fixed loop.

If, on the other hand, we consider MIV with the Maxwell correction we replace the old
Ampere’s law in integral form by the new version

[S<V><B>-<w:fB-<ﬂ=uo[S<J+eo%f>-ds

Now we know (at least quasistatically) that between the plates of the capacitor, E is normal

OF . 1

to the plates and |E| = ——. Therefore ¢g— is a vector with magnitude £ = — . Thus
EOA ot A

inside the plates €q / — -dS = I and gives the same contribution as does / J-dS outside

51
the plates—see tutorlal sheet 6. Thus the capacitor paradox is resolved. Also we see that the
diplacement current is not a real current as no current flows between the capacitor plates.

One final thing to notice about the displacement current term is that, due to the factor
€0 =2 9 x 10712C? /NM?, it is typically much smaller than the current term. Thus when there
is a current flowing the current term dominates the displacement current term.

12. 4. Maxwell’s Equations

The laws of electromagnetism are summarised in four differential equations (MI-IV) known
as Maxwell’s equations:

E=L (6)
€o
V-B=0 (7)
0B
VXb=-—7- (8)
OF
V x B =g <J+€06t> 9)

MII and MII are Gauss’ Laws for electric and magnetic fields
MIII is Faraday’s law of induction
MIV is Ampere-Maxwell law including the displacement current

In the electrostatic limit Poisson’s equation is obtained from MI & MIII:

B
V3V = _r when 8; =0
€0 ot
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In the magnetostatic limit Poisson’s equations for the magnetic vector potential are obtained
from MII & MIV:

OE
V2A = —poJ when a—? =0
The continuity equation is obtained from MI & MIV:
dp
V-J=-—-2"C 10
v (10)
12. 5. Solution of Maxwell’s Equations in Vacuo
In a vacuum there are no charges present:
p=0 J=0 (11)
We take the curl of MIII A(Y x B)
X
V v E P
Vx (¥ xE) ot
which inserting MIV yields
V x(VxE) OE
= —€ _—
VXM XL 0Ho o2
Similarly taking the curl of MIV leads to
0’B

V x (Y X B) = —Goﬂow

Now we make use of the vector identity (to be memorised) for a vector field F:

Vx(YxFE)=Y(V-F)-VF (12)

In the absence of charges MI becomes V - E = 0 and from MII V - B = 0, we are left with
two wave equations:

O*E

2

V°E = U voy (13)
9’B

V’B = EOMOT; (14)

Thus we have decoupled the four (first order) Maxwell’s equations for B and £ in the vacuum,
at the price of now having second order equations. But we know that the solution of these
second order wave equations (to be revised next lecture) will be electromagnetic waves. The
velocity of the electromagnetic waves is the speed of light:
1
= — =(3x10%ms™1)? (15)
€oHo

Maxwell’s equations predict that light, radio waves, X-rays etc. are all types of
waves associated with oscillating electric and magnetic fields in a vacuum.

N.B. There are no charges present in a vacuum, and the waves propagate without the presence
of matter!
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EM 3 Section 13: Description of Electromagnetic Waves

13. 1. Recap of wave equations

Let us recall (see Mathematics for Physics 4 and Physics 2A) the wave equation in 1d (i.e.
one spatial dimension = and one time dimension t) for a scalar field u

Pu 1 0%
02~ 2or @

Now, as can readily be checked by substitution into (1) the general solution is any function
f of the form

u(z,t) = f(kx — wt) (2)
where the wave velocity ¢ is given by
=+ (3)
A convenient solution of special interest is
f=Aexpi(kr — wt) = Acos(kx — wt) + iAsin(kz — wt) (4)

These are sinusoidal waves and A is the constant amplitude (which may be complex) N.B.
the real (cosine) and imaginary (sine) parts are independent solutions. Moreover it is a
monochromatic wave since there is a single angular frequency w. These are the basis of
Fourier methods where we build up waves of arbitrary shape by superposition of sines and
cosines

If for physical reasons we want to get a real solution from (4) we simply take the real part

u(z,t) = Re[Aexpi(kr — wt)]
= ReA cos(kx — wt) — ImA sin(kx — wt) (5)

Important things to remember are : k is the wavenumber; the angular frequency is w = 27
where v is the frequency; the wavelength is A = 27/k; the whole wave proceeds to the right
with speed ¢, but at any fixed = the wave oscillates with period T' = 27 /w = 27 /kec.

The 1d equation (1) generalises easily to 3d

1 0%u
2
"= aom ©)

where the second derivative w.r.t. x has been replaced by the Laplacian operator.

The solution (2) generalises to

u(r,t) = f(k-r —wi) (7)

where the wavevector k = (k,, k,, k) and the velocity is again

=7 (8)
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where k = |k|. We can also write (7) as

u(r,t) = g(i-r—ct) 9)

where 7 is the unit vector in the direction of k.

13. 2. Plane Waves
The generalisation of the 1d sinusoidal solution (4) is to the 3d plane wave solution
u(r, t) = Aexpi(k - r — wt) (10)
The is called a plane wave because it takes the same (complex) value whenever
k- r = wt 4 constant (11)

which at any fixed ¢ is the equation of a plane with normal in the k direction.

To see that (2) is a solution to (12) note that

Vexpik-r = 63:88 +ey§y+ezaa exp (k@ + kyy + k.2)

= tkexpik-r
and
V2expik-r =V -Vexpik-r = iV-(kexpik -r)=ik-Vexpik-r=—k*expik-r

where we used the product identity V- (kf) = fV-k+k-V
Also

\
\
I
\ar
<
kﬁ
@,
=
o
D
|7~
n
o
o
=)
n
—+
&
=4

Pexpi(k-r—wt)
ot?

= —w?expi(k-r — wt)

Finally we can generalise to the 3d wave equation for a vector field F'

1 0°F
="+ 12
=2 ot? (12)
for which a plane wave solution is
F=Fyexpi(k-r —wt) (13)

where F is a constant (complex) vector. The key things to remember with this plane wave
solution are

V-F=ik-F (14)
VxF=ikxF (15)
V*F = —k*F (16)



13. 3. Electromagnetic Plane Waves

Previously we saw that in vacuo Maxwell’s equations with p =0, J = 0 read

V- E 0 (17)
V-B = (18)
0B
VXE = —— 19
VxE 5 (19)
1)
VxB — 20
VXD Ho€o It (20)
and reduce to the decoupled wave equations
O’E
2 o L
\Y E = GOMOW (21)
0’B
2 o D
VB = EOMOW (22)
Clearly we have plane solutions
E=FEjexpi(k-r—wt) B=Bgexpi(k-r—wt) (23)
1
moving at the speed of light ¢ = w/k = . However Maxwell’s equations imply more
€olto

constraints on our plane wave solutions. First MI, MII imply
ik-Eg=0 ik-By=0

i.e. £y and B, and hence E and B are perpendicular to the direction of propagation k. That
is, the wave is transverse.

It is usually convenient to take the direction of propagation k in the e, direction;
k= ke, (24)
therefore £, and By lie in the z—y plane. Substituting (3) in MIII we find
ik x Egexpi(k-r —wt) =iwBgexpi(k-r — wt)

or more compactly

B, = i(ez x Ey) (25)

Now since e, and E|, are orthogonal we can take magnitudes

k
Byl = || (26)

Now we should choose the directions of B, and E. (12) tells us that The magnetic field
is perpendicular to the electric field, and both are perpendicular to the direction
of propagation of the wave.

There are two comon polarisation states which can be defined in various ways:
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e Linearly (or plane) polarized - direction of E is always in x or y direction.

e Circularly polarized - direction of E rotates clockwise or anticlockwise around the z
axis in the z—y plane.

An unpolarised electromagnetic wave has a random direction for E as a function of z.

13. 4. Linear (Plane) Polarisation

Let us first consider the case where B, and E, are real. Then, since they lie in the z—y
plane it is conventional to take £, = Fyep and By = Bogy. This is referred to as linear
polarisation in the x direction i.e. the electric field is always in the x direction and magnetic
field is always in the y direction and k is in the z direction as usual. Polarisation in the y
direction would have E, = Eogy, By = —Byey. More generally we can take E, = Egn

Figure 23: Plane polarisation in x direction (Griffiths fig 9.10)

Eo‘@x:Eoﬁ'Qx:EOCOSH

where n is the polarisation vector and 6 is the polarisation angle.

13. 5. Circular Polarisation

Now consider taking F, as a complezx vector

E .
By = —2(ey + igy)e’¢ (27)

L \/§

Then we find that the real part of £ is given by

ReE:& [gxcos(ﬁf—wt—l—(;ﬁ):ngsin(kf—wt—i-qﬁ)} (28)

V2

The minus sign in (27) implies that the polarisation vector rotates anticlockwise about the
e i.e. at time wt = k-r+¢, ReE is in the e, direction but as time increases the polarisation
vector rotates towards —ey,. This also referred to left circular polarisation or positive helicity

Likewise the plus sign in (27) implies that the polarisation vector rotates clockwise about
the e, This is referred to as right circular polarisation or negative helicity.
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EM 3 Section 14: Electromagnetic Energy and the Poynting Vector

14. 1. Poynting’s Theorem (Griffiths 8.1.2)

Recall we saw that the total energy stored in electromagnetic fields is:

1 1

U=Uy+Ug== <B2 + 60E2> dv (1)
2 allspace \ Lo

Let us now derive this more generally. Consider some distribution of charges and currents.

In small time dt a charge will move vdt¢ and, according to the Lorentz force law, the work

done on the charge will be

AU =F-dl = q(E+uv x B)-vdt = ¢E - vdt

where as usual the magnetic forces do no work. Now let ¢ = pdV (usual definition of
charge density) and pv = J (usual definition of current). Then dividing through by dt¢ and
integrating over a volume V' containing the charges, we find that the rate at which work is
done (i.e. the power delivered to the system) is

dU
— | E. 2
T il @

Thus E - J is the power delivered per unit volume. Now use MIV to express

1 oF

E-J=—E-(VNxB)—eck —

Ho ot

Furthermore we can use a product rule from lecture 1 to write

E-(YxB) = B-(VYxE)—Y-(Ex B)
- B2 -v.(ExB)
where we used MIII in the last line. Putting it all together, and noting
9B _195° . OE_10E
ot 2 0t = ot 20t
yields

10 1 1
E-J=——|eE*+—-B*|-—V-(ExB
= 28t<€0 i ) fo~ (ExB)

Finally we can integrate over the volume V' containing the currents and charges and use the
divergence theorem on the second term to obtain from (9)

aw a1 1 1
B B dV——y{E B)-d 3
dt ot V2<EO +u0 ) o S(ixi) T )

Let us now examine each term in Poynting’s Theorem (10): the left hand side is the
power delivered to the volume i.e. the rate of gain in energy of the particles; the first term
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on the right hand side is the rate of loss of electromagnetic energy stored in fields within the
volume; the second term is the rate of energy transport out of the volume i.e. across the
surface S.

Thus Poynting’s theorem reads: energy lost by fields = energy gained by particles+ energy
flow out of volume. Hence we can identify the vector

1
Ho

S=—ExB (4)

as the energy flux density (energy per unit area per unit time) and it is known as the
Poynting vector (it ‘Poynts’ in the direction of energy transport).

Also we can write Poynting’s theorem as a continuity equation for the total energy U =
Uem + Upee- The left hand side of (10) is the rate of change of mechanical energy thus

d(Uem + Unee) _ _jgﬁ_@
dt s

(to avoid a nasty clash of notation with S as Poynting vector we use dA rather than dS
as vector element of area). As usual, expressing energy as a volume over energy densities
Uem,Umee and using the divergence theorem on the right hand side we arrive at

0
a(uem + umec) = _z . ﬁ <5>

which is the continuity equation for energy density. Thus the Poynting vector represents the
flow of energy in the same way that the current J represents the flow of charge.

14. 2. Energy of Electromagnetic Waves (Griffiths 9.2.3)

As we saw last lecture a monochromatic plane wave in vacuo propagating in the e, direction
is described by the fields:

E = epEycos(kz — wt) B = ey By cos(kz — wt) (6)
where g
By =—"
c

The total energy stored in the fields associated with the wave is:

1 (B2 ,
U:%+%1:241Lﬂﬂ av
0

&=

Now since | B| =
the total energy a
wave)

Land e =1 /+/To€o we see that the electric and magnetic contributions to
e equal and the electromagnetic energy density is (for a linearly polarised

o ‘

=

upy = €0B® = eoEj cos®(kz — wt)

The Poynting vector becomes for monochromatic waves

1
S=—(ExB)= ceoEg COSZ(]{Z —wt)e, = uppcey
Ho
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That S is just the energy density multiplied by the velocity of the wave ce, as it should be.
Generally R
S =ugpuck

N.B To compute the Poynting vector is is simplest to use a real form for the fields B and
E rather than a complex exponential representation.

The time average of the energy density is is defined as the average over one period T of the
wave
2
(ugnp) = “bo [t cos?(kz — wt)dt
T Jo
k3T 1, 1B§
T 2 29707 97,

The energy density of an electromagnetic wave is proportional to the square of the amplitude
of the electric (or magnetic) field.

14. 3. Example of discharging capacitor

Consider a discharging circular parallel plate capacitor (plates area A) in a circuit with a

Figure 24: Discharging capacitor in a circuit with a resistor

resistor R. Ohm’s law gives

Q
Vo=—==1IR
T C
> Q _ Q Q
e A N _ —t/RC I — _ %0 —t/RC
dt ~ RC @ = Goe RC*
Now assume ‘quasistatic’ approximation that we can treat the fields as though they were
static: 0 0
E:—iA _ 7t/RC'
o AGOE AEge

We take the normal to the plates (direction of E) is n. Now we can compute B through
Ampere-Maxwell noting that the cylindrical symmetry implies that B is circumferential.
The Amperian loop is a circle radius r between the capacitor plates where J = 0

67E 0 Q /R M(]l (t)
B = +e— | - = — 20— ( t/ C) =7/
% dl ,LL()/S <J €0 ; ) dsS HoTTT " €p ; 606 5 r
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SO

. on[(t)Te
=T 24 9
The Poynting vector is given by
1 . Q —t/RC " _t/RC _ IGCR —2t/RC
ﬁ = %E X E = —TEOG ﬂo[gﬂe ey X Q¢ = mre er

Thus the Poynting vector points radially out of the capacitor and this is the direction of
energy flow.

14. 4. Momentum of electromagnetic radiation

Let us reinterpret the Poynting vector from a quantum perspective. Due to wave-particle
duality, radiation can be thought of as photons travelling with speed ¢ with energy

e=hw=hv
The momentum of a single photon
= c

For n photons per unit volume travelling at speed ¢ we can interpret the average Poynting
vector as average energy density ne multiplied by velocity vector ck

<§> = nacE = <UEM>CE
Again thinking of the energy transport as effected by photons, we must have an accompa-
nying momentum flux P

P is defined as the momentum carried across a plane normal to propagation, per unit area
per unit time

For each photon p = /¢ (along k) so
P=3/c

If light strikes the absorber (normal incidence) momentum is absorbed, this creates a force
per unit area equal to the incoming (normal) momentum flux

This causes radiation pressure

Praa =P -0==S/c = praa = (Ugm)

If light is reflected not absorbed so twice the momentum is imparted, p,.q doubles but so
does (ugyr), and this result still holds.

To understand radiation pressure classically let’s go back to the example of an x polarised
wave propagating in e direction: the electric field moves charges, on the surface the radiation
strikes, in the = direction; then the Lorentz force qu x B (with v in the x direction and B in
the y direction) is in the e, direction and creates the pressure.

Above is for a collimated light beam (i.e. single direction) The other extreme is “diffuse
radiation” = light bouncing around in all directions; this gives instead

Prad = <UEM>/3
(factor 1/3 as in kinetic theory of gases)
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EM 3 Section 15: Dielectric Materials

15. 1. Overview

So far we have developed Maxwell’s equations and they offer a complete and general de-
scription of electrodynamics. However the input we have to make is to define the charge and
current densities p and J with microscopic precision. In the real world (i.e. not in vacuo)
this would be a huge task as materials are made up of atoms/molecules which all contain
charge distributions and currents (through electronic orbits). This as the atomic level of
description.

Instead we want to develop a macroscopic description of materials in terms of smoothly
varying quantities: these turn out to be the density p; and current J; of free charges.
The bound charges which are bound up in the atomic structure are dealt with by defining
new fields D the Electric Displacement Field and H the Auxiliary (magnetic) Field
Then we end up with a complementary macroscopic form of Mazwell’s equations. Although
it may seem annoying to have to learn a second set of Maxwell’s equations, they are in some
ways simpler than the microscopic ones.

15. 2. Dielectric Materials

Roughly speaking we can classify materials as conductors or dielectrics (insulators). A
perfect conductor will have an ‘unlimited’ supply of free charges whereas at the other ex-
treme a perfect dielectric will have no free charges and instead all charges are bound up in
atoms/molecules.

Figure 25: Polarization of Dipoles in a Dielectric

Let us consider the effect of an electric field on a dielectric. The field will induce a dipole
moment in two ways

e the charge distribution of some atoms/molecules is distorted

e already polar molecules (e.g. H20O) will tend to align with the external field (rotation)

These effects polarize the material and result in an induced dipole moment for each atom

(p, )=aE (1)

—atom
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where « is the atomic polarizability. We take an average in (1) as an atom’s dipole moment
will not be constant due to thermal fluctuations. All these atomic dipole moments give rise
to the dipole moment per unit volume P or Polarization

P=n(p, ) (2)

Here n is the number of atoms per unit volume and (p . ) is the average atomic dipole

moment induced by the field

atom

Then we can write the dipole moment for some some volume dV' as

dp=Pdv (3)

Let us now consider the field due to the polarized molecules. Recall that for a single dipole
at 1’ the potential at r is

1 (r—1)p
drey |r—1'|?

V(r) =

This generalises by superposition to the potential due to the Polarization field P(r')

V(r) = 1 /V(T_TI) P(r )dV/

~ d7eg lr—1r'|]3

We now note a usual identity but this time for the gradient wrt the primed coordinates

1 (r—r')
\vA = —
N (I?‘-M) I —1'?
Then we perform ‘integration by parts’ using the divergence theorem
Vi) = / Py v (L) av
- drey Jv 0 T \z—f’\
- v’ — / V' PdV’
47‘(‘60 |7" -7
75'

- . P)dv’
47T60% lr — 1| 47reo/ lr — 1| (V- B)

Now the first term on the right hand side is equivalent to the potential due to a surface
charge distribution on S i.e. P-dS — odS or

op=PFP-n (4)

The second term on the lhs is equivalent to the potential due to a volume charge distribution
pp which is given by

-V-P ()

The subscript b refers to the fact the charges are bound (to the atoms)
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15. 3. Electric displacement vector and Gauss’ law in media

We are now in a position to develop Gauss’ law in the case of media. The key idea is to
divide up the charge distribution into bound and free charges

pP=py+ps
Then Gauss’s law (MI) becomes
V-P
v.p_ i P _p NP
€0 €0 €0 €0
or
V- («oE+P)=py (6)
Now let us define the Electric displacement as
D=¢L+P (7)
Gauss’ law in media then becomes
V-D=py (8)

15. 4. Linear Homogeneous Media

So far, so good, but at the expense of the introduction of a new field D in addition to E.
However things become simpler when we consider an ideal type of medium which is linear,
isotropic and homogeneous (LIH).

Isotropic means there is no preferred direction which implies through symmetry that P is
| to E. Linear means that the applied E field results in a generally small polarization of
molecules through distortion and rotation, and we expect a linear response to the field

P = xgpek 9)
Xe (chi) is the susceptibility—large y gz means a large response to the applied field and the

medium is easier to polarize.

Homogeneous means the medium has the same properties at all points in space so that yg
has no spatial dependence.

Using (9) results in

D = ¢E+P=¢(l+xpkE
= e, (10)

€. 18 the relative permittivity (or dielectric constant) of the medium and is a dimensionless
constant = 1 for vacuum; for most insulators ¢, = 1.05 — 1.3. Some crystals have high e,,
e.g. mica: e = 7. For dipolar fluids, e.g. deionized water: ¢, = 80.

The important point is that for LIH we have a linear constitutive relation (10) between E
and D.
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15. 5. Example: Dielectrics in Capacitors

The space between the two plates of a capacitor can be filled with an insulating material
rather than with a vacuum. There are induced polarization (bound) charges on the surfaces
next to the plates. These change the capacitance in a way that depends on the geometry
of the insulator and the plates. For a parallel plate capacitor: the electric field is simply

Figure 26: Parallel plate capacitor with dielectric

the superposition of the field from the free charges on the plates and bound charges at the
surface of the dielectric

1
E:EO ‘f‘Ep::(Cff_Ub)ﬁ (11>
0

where n is normal to the plates The electric field £ as a function of the free charge density
on the plates o is reduced by the polarization of the dielectric between the plates. N.B. the
total free charge on a plate is still Q = Aoy. Also the electric displacement turns out to
simply be

D=o¢ fﬁ

this can be checked by the modified version of Gauss’s Law which gives

f.0-a5= [ prdv =(Q, (12)

Taking a Gaussian pillbox area a straddling a plate one finds that

a|D| = aoy

The parallel plate capacitance is given in terms of the potential difference V;, which remains

2
Vim- [ E-a
1
When we integrate along the normal from plate 1 to plate 2
Dd
V, = Ed =
€E0€Er

and
Q Aoy  AD  Aee

 Ed  FEd Ed d
where Cj is the capacitance without the dielectric present. For any geometry of capacitor
there is an increase in the capacitance due to the presence of a dielectric between the plates.
Note that it is not necessarily by just a factor €,!

C = Eer (13)

62



EM 3 Section 16: Magnetic Media

16. 1. Magnetic Materials

Generally more complicated than the dielectrics that we reviewed last lecture.

When an external magnetic field is applied to a material it produces a magnetization of
the atoms of the material. There are several different types of magnetization:

e Diamagnetism - the orbital angular momentum of the atomic electrons is increased
slightly due to electromagnetic induction.
This magnetization is opposite to the external magnetic field.

e Paramagnetism - if the atoms of a material have intrinsic magnetic moments, they
align with the applied field, due to U = —m - B.
This magnetization is parallel to the external magnetic field.

e Ferromagnetism - in a few materials the intrinsic magnetic moments of the atoms m;,,,
spontaneously align due to mutual interactions of a quantum nature called ‘exchange
interactions’. They form domains with moments m;,,, all in the same direction. This
magnetization can form permanent magnets.

16. 2. The Magnetization Vector

In analogy with the polarisation vector for dielectrics the magnetization vector, M, is the
key macroscopic field for magnetic media.
The infinitesimal magnet (equivalent to small current loop) in volume dV is given by the
magnetic dipole moment per unit volume:

dm = MdV (1)

1

The units of magnetization M are Am~! and m in Am?.

Figure 27: Magnetization loops
An array of small magnetic dipoles can be thought of as producing macroscopic current loops

on the surface of the material. These currents circulate round the direction of M, with a
magnetization current density J,, (see figure).
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Similarly, spatial variation of the magnetisation can be expected to produce a bulk magneti-
sation current.

To quantify these effects let us calculate the field of a magnetised object. Recall that the
magnetic vector potential at r of a magnetic dipole at 7’ is
 pom X (r—1')

Ar)

=\ _47T |£—Z/|3

(2)

This generalises, when we replace m by MdV’ and integrate the magnetisation over some
volume V', to

po [ M x(r—r') _,
Alr) = =—— / = = -7
(z) dr v |r—1'P3 v @)
Now we recall that ) .
L-r) _ g (4)

lr —r']3 lr — 1|

and use the product rule

vx<MWU— ! vaw+v< 1>xMW>

= \e=r|)  |r—r

to obtain
M

A =20 [ | - v (2 av

We can rewrite the second intergal as a surface integral (see tutorial sheet 9) to obtain

L M) x ds’ (5)

ILL 1 / / ! ILL
Ay =k [ ok M)AV e f

r—r'[™

Now, the first term on the right hand side is equivalent to the potential due to a wvolume
current in V'

lM:

<1

x M (6)

and the second term is equivalent to the potential due to a surface current on S (normal n)

X

<
>

(7)

In

We use the subscript M to indicate that these are magnetisation currents resulting from
microscopic current loops. Do they really exist? not really but they are effectively present.

Example: Bar magnet “A cylindrical bar magnet has uniform magnetisation M along its
axis. To what current distribution is this equivalent?”

Now M is uniform so V x M = 0 and no bulk J,,

Surface current density imag =M xn = Me, X ep = Me_ has magnitude M and is
‘solenoidal’; i.e. resembling a solenoid with current flowing circumferentially

Example: Toroidal magnet “A long cylindrical bar magnet of uniform M is bent into a
loop. What is the equivalent current distribution?”
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Curl in cylindrical polars (p, ¢, z) reads:

Ux K - FaKz &@Wq} PKﬁ aKzle¢

p8¢_8z 0z adp

110 0K
= (pK.) = ===
Direction of M now varies with position
M = Me &

In the curl formula, the only survivor is

10 M
VXxM=-——(pM)ey = —e;
pOp p

Alongside the solenoidal (circumferential around the toroid) j., = M on surface, we now
have bulk magnetisation current N.B. imag = M x n has constant magnitude: larger net

Figure 28: Magnetization currents in bar magnet and toroidal magnet

current on outer than inner surface. J,; makes up the difference

16. 3. Modification to Ampere’s Law

The Ampere-Maxwell law still holds for full current density J

oF
B: _—
zxi ,U0<J+6Oat>

The key idea is to divide this into three contributions J = J; + Jy, + Jp

J s, current of free charges i.e. the conduction current

Jy =Y x M, magnetisation current we have just met

Jp = polarisation current — this new term comes from electric dipoles moving around

To find Jp we use the (definition) pp = —V - P and the continuity equation

pp=—V - Jp
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from whicn we deduce

oP
Jp= 87? (8)

We would like Ampere-Maxwell in terms of J, only:

oE
VXBzzm(u+JM+Lﬁwo>

ot
oPr oF
= Mo (Jf+VXM+8If+EO(915>
oD
= M i—
Ho (Jf—I—VX—i— 8t>

where we have used the definition of D. Now shift V x M onto left, divide by pg:

Ho ) ot
We define
B
H=>= M (9)
Ko
then
D
Vx H=J;+ (10)

which is Ampéere-Maxwell law in media. The Integral form of Ampéere-Maxwell reads
¢ H-di= [ (1, +0D/00)-as
c s
where C' is a closed circuit bounding S

We run into difficulties in terminology for B, H. It is actually simplest and easiest to call
them ‘magnetic field B’ (units Tesla) and ‘magnetic field H’ in units of Am~'. But be
warned in some text B is the ‘magnetic field” and H is the ‘auxiliary field’; in others B is
the ‘magnetic flux density’ and H is the ‘magnetic field strength’ (which is really confusing!)

We now basically have Maxwell’s equations in media since MII and MIII do not need to be
modified as they contain no J or p. See next lecture for summary

The magnetic susceptibility x,; describes the relationship between magnetization and
applied field, by relating M to H. We will assume again an LIH medium (linear, isotropic,
homogeneous). Then the relation may be written

M =xuH (11)
Warning—some books, e.qg. Grant € Phillips, use xgB = poM which can be very confusing!

The equivalent of the dielectric constant is known as the relative permeability of a mate-
rial, g,

B = prpoH (12)

where (i, — 1) = xa. The limit of no magnetization is x5, = 0 and u, = 1.

In contrast to dielectrics, the magnetic susceptibility xas can be either positive or negative,
and p, <1 or p, > 1.
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EM 3 Section 17: Summary of EM in media; boundary conditions on fields

17. 1. Effect of Magnetic Materials on Inductance

First we have to finish off our description of magnetism with a look at how inductance is
affected by magnetisation currents

Example: conducting core in solenoid “A long solenoid of n turns per unit length,
length L and cross sectional area A is filled with ferrite, in which M obeys M = x,,H where
Xm = 900. Find the self inductance L.”

Recall the definition £ = &g/ this stems from Faraday’s law MIII, and is therefore un-
changed by media. Ampere’s law in the static situation 0D /dt = 0 becomes

VxH = lf‘l‘Q
= pH-dl = [J;-dS=nLI

in integral form where [ is the usual conduction current. Now note the symmetry: H is
axial within the solenoid and vanishes outside for large L. Taking a loop as shown in figure,

Figure 29: Solenoid with conducting core: Amperian loop

H =nl, so M is axial; magnitude M = y,,nl
Then B also must be axial:
= ®p = nALB = (X, + 1)pon* ALI
= L =0p/I = (X + pon* AL
Thus £ is 901 times larger than in vacuum (vacuum case: x,, = 0). For a ferromagnetic
material there is a very large increase in self inductance.

On the other hand for diamagnetic/paramagnetic materials there is a small decrease/increase
in the self-inductance.

For ferromagnetic materials the energy stored in an inductor increases by a large factor
=~ 10% — 10%: See section 17.3 for energy stored in fields

17. 2. Electromagnetism with media: summary

Maxwell’s equations in general form read

V-D = py (1)
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VxE = —— 2
VxE 5 (2)
V-B =0 (3)
oD
VxH = J — 4
Definitions of D, H are

D=¢E+P  B=u(H+ M) (5)

Relations for LIH Media
D = eelE=€¢E  B=puyuH=puH (7)
& = l+xe pr =14 Xm (8)

17. 3. Energy densities and Poynting Vector

Recall that £ - J is the power delivered per unit volume so the energy density u obeys

du

—=FE-J 9

e~ — )
Now use modified MIV to express

oD
lf:E(yXﬂ)_EE

Furthermore we can use a product rule from lecture 1 to write

&

E.J - H-(VxE)—V-(ExH)—E-%l;

'aaf—V-(ExH)—E-aD

I
s

- (;E-D+ B-H)- Y- (ExH)

@

provided that £ - Q = E -D and B - ﬂ = B - H which is true for linear static media. Then
integrating over a volume V of the medium and using the divergence theorem on the second
term as usual, we obtain from (9) for the total energy

v 0 (1

= o) GED B-H)dV—fg(ExH)-dS (10)

1
2= 2—

From the first term we identify the electric and magnetic energy densities as

1 1
wu=5B-H up= E-D (11)

and from the second term we identify the Poynting vector as

S=ExH (12)

68



17. 4. Boundary Matching Problems

There are often have sharp interfaces between media. These boundaries acquire nonzero
values of op surface polarization charge and jmag surface magnetisation current

In keeping with use of MI-MIV in general form, we want to avoid considering these, and
think about free charges and currents only ...

1. First condition (from V - D = pf): Divergence theorem:

Figure 30: Gaussian surface for deriving continuity conditions on normal components (similar
to Griffiths Fig 2.36)

EQ:pf = %Q'ﬁfo,enclosed
Apply to small pillbox or “patch”, vector area dS = ndS

surface density of FREE charges only. In the absence of free surface charges D, orma is
continuous. We can also write this as

(Q2_21> 'ﬁ:Uf
2. Second condition (from V - B = 0):

vB=0 =  [B-dS=0
Apply to small Gaussian pill box (or “patch”)
[B-dS=(B,~ B,)-2dS =0

Therefore B,,orma is continuous. This is completely general.

3. Third condition (from V x E = —0B/0t): t = unit tangent satisfies ¢ - 1 = 0; we take
a rectangular loop straddling the interface length ¢ height h

. 0
fﬂ-gz(ﬂl—ﬂz)-u =~

Unless B is infinite, the magnetic flux cutting the loop &5 — 0 as h — 0

:>(E1—E2)‘i:0
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Figure 31: Amperian loop for deriving continuity conditions on tangential components (sim-
ilar to Griffiths Fig 2.37)

but ¢ is arbitrary within plane of the surface: B yngentiar 1S continuous is completely general
as it stands. IN.B. this is two conditions in 3D

4. Fourth condition (V x H = I+ oD /ot):

Iy = free surface current / unit area

D
fH-dlzjf-éHaat-éfh

where § =t x /i = unit vector L to Amperian loop

Now take h — 0: last term vanishes
GH-dL=(H, — ) 10=], -5t
In the absence of free surface currents H,,,,jentiqr 18 continuous
The general form is rarely needed and may be written in several equivalent ways:

(H,—H,)-t = Jp- 8
(ﬂéang . ﬂiang) _ ] x ﬁ
(Hy—Hy) xn = —j

Summary of the continuity conditions

1 D, continuous if oy =0
2 B, continuous always
3. on continuous always
4 H, continuous if j ;= 0

These are key results and you should know the derivations.

Problems with nonzero oy or j ; are uncommon but for these:
(Dy — Dy) -0 = oy replaces 1
(H3™ — H™) = j ;X0 replaces 4

70



EM 3 Section 18: Examples of continuity conditions; waves in media

18. 1. Continuity conditions: examples

Example: Inclined dielectric slab

“The electric field £° outside a large dielectric slab of relative permittivity €, is uniform and
at angle 6 to the normal to the slab. What is the electric field E* inside the slab?”.

Figure 32: Similar to Griffiths Fig 4.34

Outside: D° = eo° inside: D' = ¢,eE". Let 1 be the angle between the normal to the
plane and E*

Take the normal to slab in e, direction and tangent in e, direction and write (x, z) compo-
nents of fields as

L£° = (E°sin®, £’ cosf) D° = ey(E°sin 6, E° cos )
E' = (E'siney, E'cos) D' = eye,(E'sine), E' cos )

Now impose b.c.s:

1. D, = D, continuous:
Di =D? = ¢FEcost = eoer B cos

éEi:gcosﬁ

€, COSY

2. E, = E, continuous: ' 4
E.=FE, = E°sinf=LE'siny

g gt
sin
Result:
1 cosf  sind
€-cost  sing
= ¢ = tan ' (e tan6)
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Checks: For § = 7/2: E' = E°, 1) = w/2 (E is purely tangential, continuous)
For § = 0: E' = E°/e,, v =0 (D is purely normal, continuous)

Remarks D || E everywhere; but the angle of both is altered within slab. E’ is the superpo-
sition of uniform E° with that of the polarization charges on surface of slab. Unless 6 = 0,
as in a parallel plate capacitor, D/ey is not “the E field you would have had” without the
slab which would be D' = ¢ye, E°

Example: Spherical cavity in dielectric

“A large block of dielectric of relative permittivity €, > 1 contains a spherical cavity. The
FE field far away from the cavity is uniform, with magnitude Fy. What are E, D within the
cavity?”

Figure 33: Spherical cavity in dielectric - Griffiths Example 4.7

Use spherical polars with origin at the centre of the sphere and take z axis || £,. Therefore
there is symmetry w.r.t. ¢.

At the surface of the spherical cavity o, = P - where n is outwards normal of material
(inwards normal of sphere). Therefore the field inside is enhanced by o, (6).

The charge around the cavity o,(0) forms an effective dipole. Outside the field lines are
distorted locally by 0,(6)

Try a uniform field in z direction within cavity:
V(r <a)=—FEj,z=—FEyrcosf .

Try the uniform field £, plus a dipole form outside
Acosf

V(r>a)=—Eyrcost + —
r

where A is a constant to be fixed.

Recall that these two expressions satisfy Laplace’s equation away from the boundary where
there are no charges. We now just need to satisfy the boundary conditions on the fields.

First recall that £ = —VV and in spherical polars

VV—ea—V+e 18—‘/+e b a—v
= T T 00 ’¢rsin98¢
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At the boundary: F; continuous requires Fy continuous at r = a:

. Asinf .
—FEpasinf + = —FE;,asinf
0
a2
D,, continuous requires D, = —¢,0V/0r continuous at r = a:

Acosf
a3

€r (E@ cosf + ) = FE,, cosf

Combine these

eliminate A/a>:

Ein = EO

with E;, = Ej,e». Then D,, = e.€qE;, = eol;, (since the cavity has €, = 1).
Check: F;, > Ej if €, > 1, field inside enhanced.
Uniqueness = problem solved!

This example may be used to derive an approximate formula for atomic polarizability the
Clausius Mosotti equation - see tutorial 10.

18. 2. Waves in media
As a first look at waves in media let’s consider a non-conducting medium with py = 0,
J¢=0. Let us write the permittivity € = ¢pe, and the permeability u = g,

As before when we considered waves in vacuo in lecture 13 we can reduce Maxwell’s equation
to two decoupled wave equations

O’E

VE = Hom (1)
0’B

VB = epr (2)

These are precisely the same as in lecture 13 but with €, replaced by € and o replaced by p.

Clearly we have plane solutions
E=FEjexpi(k-r—wt) B=Byexpi(k-r—wt) (3)

where k? — pew? = 0. Thus the wave speed is

and recalling ¢ =

\ Ho€o 2 1




where n is called the refractive index of the medium

As in lecture 13 MI,MII imply
ik - Ey=0 ik - By =0

i.e. E and B are perpendicular to the direction of propagation k and the wave is transverse.

This may seem like a trivial generalisation of waves in vacuo but the physics is remarkable—
we have managed to deal with all the atoms, atomic dipoles, polarisation etc by wrapping
them up into € and p and the net result is simply to change the velocity of the wave.

18. 3. Waves in conductors

In conductors there is free charge and currents flow in response to an electric field. As we
shall see this has a serious effect on the propagation of an EM wave in a conductor.

Let us start with MIV and use the linear relations
B=pH D=e¢ekE

and Ohm’s law J = o FE

oD
VxH = E+lf
oF
VxB ME(‘% + pok

Now as usual MIII yields

aat(VxB):—VX (VxE)=V?’E-Y(V" E)

The microscopic M1 reads V - E = p/e. Let us assume a uniform charge density so that
Vp=0.

Then finally we obtain

E
V2E = pe—— + po— (5)

we note an additional term on the rhs whose origin is the free current in Maxwell IV. How
will this term affect the wave?

A similar calculation (Exercise) yields

B
V2B = pie—— + jio—— (6)

Let us proceed blindly and bravely by making an ansatz of plane wave moving in the z
direction E = Ejexpi(kz —wt). When we sub this into (1) we obtain

k2 = pew® + ipow

Clearly something has to become complex to solve this!
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EM 3 Section 19: Waves in Conductors: Skin Effect

19. 1. Recap: Waves in conductors

Last time we derived the equation

O*E OE
2
VE = e 52 + po T (1)

where o is the conductivity. Substituting a plane wave ansatz
E = Ejexpi(kz — wt) (2)

yields .
k? = pew? +ipow (3)

To solve this we have to take a complex wavenumber from (2)
k=k+ix (4)

Equating the real and imaginary parts in (3) yields

K —Kk? = pew? (5)
2kk = pow (6)
The second equation can be solved for k = % then eliminating x from (5) yields

This is a quadratic in k2 with solution

1 1 1/2
K = §uew2 +5 ((,uew2)2 + (/ww)Q) /
- e <1+(i)> L1 (7)

(we have taken the positive square root so that the solution for &% is positive). Then we can

use (5) to obtain o
(e (2))" - g

Now the complex wavenumber (4) implies

2_M€W2
2

K

E = Eoe—nzei(kz—wt) (9)

The first exponential decays with z and causes attenuation of the wave. The characterisitic
distance over which the wave decays is known as the skin depth and is given by

5= (10)

75



Thus the skin depth is the typical distance a wave penetrates into a conductor.

In the result (8) the ratio = is significant. 1/w has the dimensions of time as does ¢/o. Thus
this quantity is a ratio of two timescales.

19. 2. Good and poor conductors

In order to understand the timescale €/o let us return to the continuity equation for free
charge
Ops _
ot

Using Ohm’s law and Gauss’s law (plus linear media property)

-V J; (11)

z-ifzazﬂ:%z@:%pf

So finally
O _ 0
ot € Py
which has solution

ps(t) = ps(0)e™ /"

So the free charge density decays on a timescale 7 =  which is the relazation time. If this
o

is small then any free excess charge is quickly rearranged away and the medium is a good

conductor. A perfect conductor would have this timescale tending to zero i.e. ¢ — oo.

On the other hand if 7 is large, free charge hangs around for a long time and the medium is
a poor conductor.

Returning to the quantity
o 1T

I, 2r T

we see that is (roughly) the ratio of the oscillation period of the wave to the charge relaxation
time in the conductor. If, for a given frequency w, this ratio is large the medium is a good
conductor, whereas if the ratio is small the medium is a poor conductor for that frequency.

In the tutorial you are invited to work out the different limits. One finds from (8) that the
skin depth

5 \ 12
§ ~ () for o> ew
WO

1/2
4
0 ~ (;wez> for o <K ew

Thus the skin depth is much smaller for a good conductor. Also note that for a poor
conductor the behaviour does not depend on frequency.

Typical metals are good conductors up to about 1 MHz

d ~ lem at 50 Hz (mains frequency)

0 ~ 10 pm at 50 MHz
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Consequences / Applications of Skin effect

e shielding of sensitive electronics (metal casework)

e power lines and cable design: conductors > lcm thick are wasted since the current
resides only in the skin layer around the outside and there is a ‘dead zone’ in the
centre

e submarines can’t use radio
e mobile phones don’t work inside metal boxes (? paint concert halls with metal paint?)

e microwave oven doors: metal mesh stops radiation escaping, holes < A are OK

19. 3. Phase lag of magnetic field

MI and MII imply further constraints on our wave. As usual
ik-Ey=0 ik - By =0

Take the direction of propagation E in the e, direction and Eo in the e, direction. Substi-
tuting in MIII

1tk x By = ZwBo
. kE,

= B, = — 12
Do w Sy (12)

However k is complex so E, and B, will also be complex. Let us write
k = Re'®

Then using (7,8)

Ew

Ro= (84n)" = (pewt)? (1 | (0)) i

1( R 1 (1 i i) ) !
¢ = tan (k):tan 1
(1 + (5 ) +1
For a good conductor
¢ — tan"'[1] = 7/4
and . .
ko~ (uwo)t/2eim/4 (13)
The vectors EO, Bo are also complex. Let us write
EO = E()GZBE BO = BoeiéB (14)
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Putting these in (12) yields

Boe“SB = E()GZ(SE
w

=0 —0p = Qb

Condition (16) means that the magnetic field lags behind the electric field by angle ¢.

Finally taking the real part to get real fields we have

Eoe ™ cos(kz —wt + dp)ey

Boe™ " cos(kz — wt + 0p + d)ey

sl
|

Figure 34: Electric and magnetic fields and the skin depth (Griffiths fig 9.18)

19. 4. Intrinsic Impedance

As we have seen
. o i(kz—wt
E = ey Eye'==b

where EO and BO are complex

B = Qy Boei(szwt)

(15)
(16)

(17)
(18)

Whereas in vacuum E and H = B/ are in phase, here there are not. The complex number

(19)

is the Intrinsic Impedence of the medium. One can think of it as the generalised resistance
(when 7 is real it reduces to the resistance). Dimensions are  (Ohms): check units F =

Vim;H=A/m = E/H=V/A=Q

In a vacuum
Eo _ Lok
H, By
This is real since £, H are in phase

= Clg = Lypae = 37752

In a dielectric E B
0 o
T = 5 = r€Er Zvac
Hy B, V"

As we have seen in a good conductor we have k &~ /ijwo (13)

J = @ = E~1,OM = ﬂ ~ (W>l/2€_m—/4
Hy, By k o

which is complex.
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EM 3 Section 20: Reflection at boundaries: normal incidence

20. 1. Reminder on plane waves and amplitudes

Consider a plane polarized wave propagating in the e, direction
E = Eoei(kz—wt) E = Eoei(kz—wt)
As we have seen Maxwell I implies
ke, x Ey = iwBoey
Usually we take £, = Fye, and
kEq
EO = Tﬁy .
Now FEj,By can, in principle, be complex, as they were for waves in conductor. Previously
we indicated this by a tilde e.g. Ey. but to lighten notation we won’t do that here and
instead just refer to Fy as the complex amplitude; the (real) amplitude is then the modulus

|Eo| i.e. Ey = |FEg|e®”. Recall that the complex impedance is given by the ratio of complex

amplitudes
Ey  pko

Hy By
as we have seen complex Z allows a phase shift between E and H

20. 2. Waves at interfaces

Now consider a plane polarized wave propagating in the e, direction normal incidence to
an interface and call this E,,.. Generally medium 1 has complex impedance Z = Z; and

medium 2 has complex impedance Z = Z;. We take coordinates: ey along Ey,.; ¢ along
H,,.; e, along k; (forming a right handed triad).

We place the boundary at z = 0 so that the x—y plane is the interface between the two media

Figure 35: Wave at interface between two media similiar to Griffiths fig. 9.13

20. 3. Interfaces between two dielectric media

It is simplest to start by considering two dielectric media where we have seen that

Zi = Uil
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is real and there is no phase lag between £ and H
Einc = F; e ei(klz—wt)

E )
ﬂmc _ I ey ez(klz—wt)

HiV1

Also we can take the amplitude F; to be real. Likewise for transmitted and reflected waves
(see diagram):
Etrans _ ET e ez(k’zz—wt)

Er

Ht’rans = € ei(kQZ_Wt)
o Hov2
Eref _ ER e ei(—k2z—wt)
Hy=— Er ey pil—k2z—wi)
H1U1
N.B. The reflected wave propagates in —ve z direction hence sign switch in the exponential
(so that wave speed is v = —w/k) and sign switch in H,.; (so that —e,, £, H form a

right-handed triad).

Now invoke continuity conditions (see sections 17 and 18): e, and €y are both tangential
to interface and tangential components of E and H are continuous. Note that we assume
that there no surface currents or charges which is usually the case. Then the continuity
conditions become

E,., = E, is continuous

= i+ Egr = Erp

H,,, = H, is continuous

FE FE E
_ r bR _ L1
H1v1 H1v1 H2V2

Solve for Fp and Eg, knowing E;: add the equations to find

2F; l 1 1
H1U1

; ] By
1101 HaU2

Also recall that
1 &

v i€ B n;

then the Amplitude transmission coefficient

v; =

L= Er 2
T Er 1+p
and the Amplitude reflection coefficient
Er 1-p
r=—/—=—
Er 1+p
where (3 is defined as
_
H2V2



Now if the permeabilities 1; = po (non-magnetic media) we find

V2 — V1 ny —nsz
U1+U2 n1+n2

21)2 27’l1

V1 +v2 Np+ N9

So the reflected wave is in phase if vo > vo but out of phase if vo < vy. If v9 = v; (two media
the same) there is no reflected wave as expected.

Energy flow

The Poynting vector is given as usual by
1
i

so the energy flux per unit volume averaged over one period or intensity of the wave is
given by

S=ExH=

ExB

1 1 E?
(8) = (Ex B)= T = T
" po 2 2

So R the ratio of reflected to incident intensity and 7' the ratio of transmitted to incident
intensity are given by

R—,2— (nl_n2>2 T_ 62U2t2: 4dnqnoy
ny + na €101 (ny + ng)?

N.B. since R+ T =1 we recover energy conservation

20. 4. General waves at interface: normal incidence

Basically we now repeat the above calculation but for complex impedance so that there may
be phase lag between £ and H

Einc = F; e ei(lﬁz—wt)
H. _ & e ei(klz—wt)
2Linc Zl L

Etrans = ETe BZ(]QZ_Wt)

E

Hipons = 77; e pilkaz—wt)

Eref — ER er ei(—kQZ—wt)
ER i(—koz—wt

ﬂ’ref = _Z Qy (& (k2 )

We afain assume that there no surface currents or charges and the continuity conditions
reduce to &y, = F, continuous and H,,, = H, continuous

Er+Er = Er
Er  Eg Er

7. 7 A
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Solve for Ep and Eg, knowing F; as before

;= &: 27,
Er  Zo+ 74

_ Er  Zo—-7
"TE T &tz

N.B. These are now complex quantities

20. 5. Reflection at Conducting Surface: why metals are shiny
The z—y plane is a boundary between vacuum (medium 1) and a conductor (medium 2).
2y = Zypae = 37782

—lpw 1 —1

Zy =

where 0 = /2/pow is skin depth

Z, is complex and w-dependent. But typical magnitude is tiny... e.g. Cu at 10*° Hz:

o od

| Z| = 0.036Q = 10" Z, e
and at 10 Hz (visible light frequency)
|Zs] = 3.60 = 0.01Zy0

Amplitude reflection (note phase reversal)

Iy =7
o+ 7y

r

to within (complex) terms of order 1 percent

Near perfect reflection (with phase reversal) is exhibited by good conductor— this explains
why metals are shiny.

z/d

Physical origin is the skin effect; transmitted wave decays like e7%/°, almost all the energy

you put in comes back out

Energy Flow

With complex impedances we need to bit more careful with the Poynting vector. Generally
we use the time-averaged Poynting vector which is given by

~ 1 1
S :k%<)ﬁ72
(8) =k 3% () 1B
and the intensity is given by its magnitude

)= 3% (5) 1P
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EM 3 Section 21: Reflection at boundaries: oblique incidence

Last lecture we analysed the case of waves impinging on an interface at normal incidence.
Here we consider a general angle of incidence

21. 1. General Angle of Incidence

As before we take an interface between two media to be the x—y plane at z = 0: medium 1

Figure 36: Wave at interface between two media Griffiths fig. 9.14

is z < 0; medium 2 is z > 0.

We can take the incident wave vector k; to be in the x—z plane which is then the plane of
incidence; y out of page

E,. E, ek r—wt)
E.y = Epenr)
Etrans = ET ei(ETI_wt)

We also have the corresponding magnetic field vectors e.g.

inc inc

11Uy
Now we have to fit the boundary conditions at the interface. First of all we note that all the
boundary conditions will be of the form
( )ei(@I.Z—wt) + ( )ez‘(@R-z—wt) _ ( )ei(ET'i_Wt)

So for the boundary conditions to hold for all points on the interface x—y plane we must
have the exponential factors (i.e. the phases) equal

=k;-r=kr-r=kp-r=¢= constant (1)

and straightaway we see that k;, kp, kp, all lie in the same plane—the plane of incidence.
i.e. none of them have a component in the y direction

Then (1) becomes
krsinf;x = krpsingr = krsinOrx

But this must hold for all z and also we know from k£ = w/v that

V2 ny
ki =kr=—kr=—kr
U1 no
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which together imply

0y = 0O angle of incidence equals angle of reflection

nisinf; = ngsinfr Snell’s Law

We now have the job of satisfying the boundary conditions (see sections 17,18) which become

eil(Er+ Eg): = e(Er) (2)

(Br+Bgr): = (Br): (3)
(E1+ ER)ey = €(Er)ey (4)
(Hr+ Hp)oy = (Hr)oy (5)

The final two equations are both pairs of equation for the two transverse x,y components.

Polarisation Effects

The reflection and transmission coefficients r, ¢ depend on the polarisation state of the inci-
dent beam. There are two basic polarisation states

A. E; in plane of incidence (E£; has no y component and H; along gy)
B. H; in plane of incidence (H; has no y component and E; along ey)

Other polarization states can be decomposed into A+B by superposition. We will only work
out CASE A: E in plane of incidence

Figure 37: Wave at interface between two media Griffiths fig. 9.15

Clearly (3) is automatically satisfied as B has no z component. It turns out (as you can
check) that (5) does not give any additional information to (2) and (4)

Thus noting sign of E,: — for I,'T but 4 for R
Einc = b (Qx cosf; — €z sin 91) ei(¢_Wt)
E’“ef = Er (QLU costr + €5 sin 91) ei(¢_“t)
Etrans =Er (Ql' COoSs QT — € sin GT) ei(¢_Wt)
Then condition (2) = e;(—E; + Eg)sinf; = —eaEpsinfr
and condition (4)= (E; + Eg)cosf; = ErcosfOr
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2 equations in 2 unknowns, solve for Ep, Er: We define as before

1/2
3= M1ty <H1€2>
H2U2 €112

and also

cos Or
o =
cos 0
then we find
FE — E 2
=k_2 b t=2L - (6)
Er a+ 3 Er a+

which can also be written as

ZycosOr — Z; cosO; ; 275 cos 01
r= =
Zycosbr + Zy cosbr Zo cosOp + Zi cos b

(7)

where Z; is the usual impedance. For nonmagnetic dielectrics 1 = po = po, 21 = Zyae/m1,
ZQ - Zvac/n2 =
~ mycostr —nycosbr

1y cos O + ng cos Oy

use Snell’s law to eliminate n’s:

_sin 207 — sin 20;
 sin 207 + sin 26,

Fresnel Formula for case A (£ in plane of incidence)

21. 2. Brewster’s Angle

An interesting consequence of Fresnel equations (6) is that » = 0 when o = (3. This occurs
at special angle of incidence know as Brewster’s angle 6; = 0p

1/2
<1 - (nl>25m2 03> = [cosbp 9)

na
ni 2 .92 2 )
=1- () sin“ 0 = (1 — sin” fp) (10)
U]
and finally this gives
1 — 2
sin?fg = 27ﬁ (11)
() -7
In the typical case pu; = ps we have 5 = ny/ny and one can show that
tanfp = 12 (12)
n

(0p ~ 50° for water/air)

N.B. Brewster’s angle only exists for case A: in case B there is no such effect.
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Brewster angle microscopy: Shine ‘case-A light’ on clean surface at §; = f5: no reflected
ray

Now adsorb thin layer of another material: reflected ray caused solely by film = sensitive
probe of film structure

Polarization by reflection: Unpolarised light source = random superposition of waves
with E in plane of incidence (case A) and transverse to it (case B)

Near to Brewster’s angle reflected ray is almost all polarized

One can eliminate reflected ray (glare) with polaroid filter which cuts out one plane of
polarised light; basis of polaroid sunspecs etc.

21. 3. Total Internal Reflection

Choose ny > ng (e.g. wave leaving dielectric into vacuum) then 67 > 0r; 67 = 90° at 0; = O¢.
Snell: sin O = ng/ny. For 0; > 6c: we have Total Internal Reflection

Figure 38: Total internal reflection Griffiths fig 9.28

Evanescent Waves

To see what is happening for §; > 6., we persevere with the maths and note that if

. ng .
sinfr = —sinf; >1
51

5 1/2
then cosfr = (1 —sin? QT)1/2 = <<n2 sin 01) - 1)
n

clearly we can’t interpret 61 as an angle any more but the maths is valid
One can show that

E , = ETei(ET.E—wt) _ ETei(kx—wt) e—z/a

——evanescen

wny . _ w R
k= ——sin6; at = Zy/n?sin?6; —nj
c c

with a ~ the wavelength (~ 0.5um). So we have attenuation in the z direction

where

The transmission coefficient ¢ # 0 but no energy is carried into medium 2.
Instead there is a travelling wave directed along the interface, which decays in the z direction
(into medium 2):

The decay is not adsorption or the skin effect but can be though of as Light tunnelling;:
light can tunnel across a thin layer of medium 2 via the evanescent wave.
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