PHYSICS 210A, Winter 2009
Final Exam (100 points in total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided in the last page of the exam.

Name: ID:

Problem 1:

Problem 2:

Problem 3:

Problem 4:

Problem 5:

Problem 6:

Total:




1. Two concentric conducting spheres of inner and outer radii a and b, respectively, carry charges
+Q. The empty space between the spheres is half-filled by a hemispherical shell of dielectric
(of dielectric constant & &) as shown in the figure.

(a) Find the electric field everywhere between the spheres. (8 points)
(b) Calculate the surface-charge distribution on the inner sphere. (5 points)
(c) Calculate the bound (or polarization) charge density induced on the surface of the

dielectric at r = a. (5 points)
+0

0 —




2. A sphere of radius a made of linear magnetic material with permeability g is placed in an
otherwise uniform magnetic field H, = H,2 in vacuum.

(a) Find the magnetic fields, H , inside and outside the sphere. (7 points)
(b) Find the induced magnetic dipole moment and magnetization. (7 points)

(¢) Find the bound currents inside the sphere, J »» and on its surface, Rb. (4 points)



3. The electric field of an electromagnetic wave in a linear medium with permeability x has the

— _ i t=k; A .. ..
form E =Eg € vrgie Z’y where E, and o are real and positive quantities.

(a) Find the B field associated with the electromagnetic wave. (6 points)

(b) Find the time-averaged Poynting vector S. (6 points)

(c) Find the time-averaged energy density per unit time absorbed by this medium. (6
points)



4. Two infinite thin plates are located at z = +d/2 with potential of +Vcos(ky) and at z = -d/2 with
potential of -Vcos(Kky), respectively, where Y is one of the coordinates parallel to the face of the plate.
Find the electrostatic potential and the electric field at any point between the two plates. (15 points)



5. Consider a circular line charge of radius a in the x-y plane having a charge density
AUp)=+A O<p<rm
Ap)=-1 T<@Q<2rw

where @ = arctan(y/X).

(a) Calculate the monopole moment, the dipole moment and all the components of the quadrupole
moment tensor for this charge distribution. (7 points)
(b) Calculate the first two terms of the far-field potential for this charge distribution. (7 points)



6. Consider a cylindrical capacitor of length L with charge +Q on the inner cylinder of radius a and —Q
on the outer cylindrical shell of radius b. The capacitor is filled with a lossless dielectric with dielectric

constant equal to 1. The capacitor is located in a region with a uniform magnetic field B , which points
along the symmetry axis of the cylindrical capacitor. A flaw develops in the dielectric insulator, and a
current flow develops between the two plates of the capacitor. Because of the magnetic field, this
current flow results in a torque on the capacitor, which begins to rotate.

(a) After the capacitor is fully discharged (total charge on both plates is now zero), what is the
magnitude and direction of the angular velocity of the capacitor? The moment of inertia of the
capacitor (about the axis of symmetry) is I, and you may ignore fringing fields in the
calculation. (12 points)

(b) Aside from fringing fields, what else are you ignoring in calculating the answer to (a)? (5
points)
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PHYSICS 210A, Winter 2009
Midterm Exam (100 points in total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided at the end of the exam.

Name: ID:

Problem 1:

Problem 2:

Problem 3:

Problem 4:

Total:




1. (a) A charged sphere of radius a has a uniform charge density within its volume with a total
charge Q. Calculate the electric fields inside and outside the sphere. (10 points)
(b) Assume the charge density distribution in (a) is spherically symmetric and varies radially as
r" (n > -3). Calculate the electric fields inside and outside the sphere. (10 points)



(b) In a vacuum diode, electrons are boiled off a hot cathode, at potential zero, and accelerated
across a gap to the anode, which is held at positive potential V, (see the figure below). The
cloud of moving electrons within the gap (called the space charge) quickly builds up to the
point where it reduces the field at the surface of the cathode to zero. From then a steady current
| flows between the plates. Suppose the plates are large relative to the separation (A >> d?), so
that edge effects can be neglected. Then V, p, and v (the speed of the electrons) are all functions

of x alone.

a. Assuming the electrons start from rest at the cathode, what is their speed at point X,
where the potential is V(x)? (5 points)

b. In the steady state, | is independent of x. What is the relation between pand v? (5
points)

c. Use the results in (a) and (b) to obtain a differential equation for V, by eliminating p and
v. (5 points)

d. Solve this equation for V as a function of x, Vpand d. (Hint: you may use the identity,
do d’® 1d (do) :
————=——|——1.) (10 points
dx dx? 2dx[dxj ) (10 points)

e. Show that | =kV,”* and find the constant k. This equation is called the Child-Langmuir

law. It holds for other geometries as well, whenever space-charge limits the current.
Notice that the space-charge limited diode is nonlinear and doesn’t obey the Ohm’s
law.) (5 points)

d

A
Electron
Gl

S L - x

Anode
Cathode (Vo)
(V=0)



(c) A sphere of radius a has a surface charge density o = o, cos(26) . Find the potential at all
points in space exterior and interior to the sphere. (25 points)



(d) Consider the infinite two-dimensional conducting plane depicted in the figure below. The right
half is maintained at electrostatic potential Vo while the left half is maintained at potential —Vo.
Calculate the potential above the plane. (25 points)

% %






Formula Sheet for Midterm
I decided to provide you most the equations in Chapters 1 - 3 (much more than you need in the
midterm). | want you to understand the physics instead of memorizing the equations.

-t q?“ E=Vo VE=£Z Vi =-L£
Are, 1 & &
P I—p()?')dV' @:Lj@dv vv:ijp@dv =2 [|EF dv
dre,° 1’ Arey? X 2 2
c=2 w=tey? @, =, 0P, 04, __0o
\Y 2 on  on &
V2G(X,X') = -475(X - X') G()“(,)”(')=|414'|+F(>“(,>”<')
X —X
@ oG, (X, X)da'
4 on'
=— |G, (X, X)p(X)dV'+ —¢G, (X,X')—da’
4EOJ W (K, X)p(X) Mf nt )an,
125 Y LTy v,
— T < m m
FEET 2 2o Aeiin @M 0.0)
1L
aO:I:[Lf(x)dx
7X 1§ X
F(x) =204 a, cosn 2 + b,sinn— a, =— | f(x)cosn— dx
(x)=" Z : Z - : L_jL (x)cosn-="
L
bn:ljf(x)sinnﬁdx
L2 L
g(k) = L T f(x)e™ dx f(x)= 1 Tg(k)e‘kxdk
N2 \/Z_w

(1) Rectangular coordinates
CD(X, Y, Z) - eiikxxeilkyyeikzz

VD(x,y,2)=0
x.y.2) K2 = K2 4K

(i) 2D Polar Coordinates
@(r,p)=a,+b,Inr+ Z[anr“ sin(np +a,)+b,r"sin(ng + ﬂn)]

n=1
(iii) Spherical Coordinates with azimuthal symmetry (m = 0)

d(r,0) = Z{ }P (cos6) Jl’P,(x)P,.(x)dx =

PRX)=1 PRX=x P :§<3x2 ~1) P, (x) :§(5x3—3x>

o

21 +1

(iv) Spherical coordinates (m = 0)



) m Bm
o(r,0,0)=Y. Y {A”‘r' 5 }Y.mw,q)) [Y"(0.0)Y, (0,9)4Q = 6,5,

1=0 m=—I r
(v) Cylindrical Coordinates

O(r,p.2) = Y [AJ, (k) + BN, (kn)Je™ e Trav(%r)u%)dr %Z[J i (X6
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PHYSICS 210A, Winter 2010
Final Exam (100 points in total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided in the last page of the exam.

Name: ? A ID:

Problem 1:

Problem 2:

Problem 3:

Problem 4:

Problem 5:

Problem 6:

Total:




1. A semicircular wire of radius R is centered at the origin, while straight segments extend to infinity along
the X-axis, as shown below. A uniform current 7 is suddenly turned on at t = 0, remaining constant

thereafter.
(a) Calculate the vector (A4 ) and scalar potential (¥) as a function of time at the ori gin. (10 points)

(b) Calculate £ and B as a function of time at the origin (if one of the quantities can not be
directly calculated, explain it). (6 points)
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b.

2. Suppose the entire region below the plane z = 0 is filled with uniform linear dielectric material of
susceptibility y.. A point charge g is placed a distance d above the origin.

a) Find the potential in all space. (8 points)

b) Find the bound charge on the surface of the dielectric. (4 points)

c) Find the force acting on the charge g. (4 points)
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3. Consider a thin ring of radius R charged uniformly with a total charge Q. Find the potential at all points in
space. [Hint: Write down the potential on the axis and match it to an expansion in Legendre polynomials. Try to
do this for all terms in the series, but do it up to P; at least.] (16 points)
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4. A beam of light is incident normally from air on a plane slab of a transparent dielectric with refractive index
n; and thickness /. The light passes through the slab and enters a third medium with refractive index n; and of
infinite extent. Find the condition for zero reflection back into the first medium. (16 points)
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5. The linear charge density on a ring of radius a is given by p = g((:osqa —sing) . Find the monopole, dipole,
a

and quadrupole moments of the system, and use these moments to write an expression for the potential at an
arbitrary point in space. (16 points)
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6. (a) X-rays which strike a metal surface at an angle of incidence to the normal greater than a critical angle are
totally reflected. Assuming that the metal contains  free electrons per unit volume, calculate 6, as a function of
the angular frequency w of X-rays, m,, e, n and &. (10 points)

(b) If @ and & are such that total reflection does not occur, calculate what fraction of the incident wave is
reflected. Assuming that the polarization vector of the X-rays is perpendicular to the plane of incidence and
M= g, . (10 points) UJ’  fua J.f" ‘".‘d‘..? qu
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PHYSICS 210A, Winter 2010
Final Exam (100 points in total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided in the last page of the exam.

Name: ? A ID:

Problem 1:

Problem 2:

Problem 3:

Problem 4:

Problem 5:

Problem 6:

Total:




1. A semicircular wire of radius R is centered at the origin, while straight segments extend to infinity along
the X-axis, as shown below. A uniform current 7 is suddenly turned on at t = 0, remaining constant

thereafter.
(a) Calculate the vector (A4 ) and scalar potential (¥) as a function of time at the ori gin. (10 points)

(b) Calculate £ and B as a function of time at the origin (if one of the quantities can not be
directly calculated, explain it). (6 points)
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b.

2. Suppose the entire region below the plane z = 0 is filled with uniform linear dielectric material of
susceptibility y.. A point charge g is placed a distance d above the origin.

a) Find the potential in all space. (8 points)

b) Find the bound charge on the surface of the dielectric. (4 points)

c) Find the force acting on the charge g. (4 points)
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3. Consider a thin ring of radius R charged uniformly with a total charge Q. Find the potential at all points in
space. [Hint: Write down the potential on the axis and match it to an expansion in Legendre polynomials. Try to
do this for all terms in the series, but do it up to P; at least.] (16 points)
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4. A beam of light is incident normally from air on a plane slab of a transparent dielectric with refractive index
n; and thickness /. The light passes through the slab and enters a third medium with refractive index n; and of
infinite extent. Find the condition for zero reflection back into the first medium. (16 points)
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5. The linear charge density on a ring of radius a is given by p = g((:osqa —sing) . Find the monopole, dipole,
a

and quadrupole moments of the system, and use these moments to write an expression for the potential at an
arbitrary point in space. (16 points)
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6. (a) X-rays which strike a metal surface at an angle of incidence to the normal greater than a critical angle are
totally reflected. Assuming that the metal contains  free electrons per unit volume, calculate 6, as a function of
the angular frequency w of X-rays, m,, e, n and &. (10 points)

(b) If @ and & are such that total reflection does not occur, calculate what fraction of the incident wave is
reflected. Assuming that the polarization vector of the X-rays is perpendicular to the plane of incidence and
M= g, . (10 points) UJ’  fua J.f" ‘".‘d‘..? qu
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PHYSICS 210A, Fall 2010
Midterm Exam (100 points in total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided at the end of the exam.

Name: ID:

Problem 1:

Problem 2:

Problem 3:

Problem 4:

Total:




1. Two concentric conducting spheres of inner and outer radii a and b, respectively, carry charges +Q.
The empty space between the spheres is half-filled by a hemispherical shell of dielectric (of dielectric
constant & &) as shown in the figure.
(a) Find the electric field everywhere between the spheres. (12 points)
(b) Calculate the surface-charge distribution on the inner sphere (free charge only). (7
+points)
(c) Calculate the bound (or polarization) charge density induced on the surface of the
dielectric at r = a. (6 points)
+0

-0 —



2. An infinitely long cylinder of radius a and surface charge density o = o, c0s3¢ is surrounded by an
infinitely long conducting cylindrical tube of inner radius b which is held at zero potential.

(@) Find the potential ®(r, @) inthe 0<r <a andthe a <r <b regions. (20)

(b) Find the surface charge density on the inner surface of the grounded cylindrical tube.
(10 points)



3. A sphere of radius R; has a charge density p uniform within its volume, except for a small spherical
hollow region of radius R, located a distance a from the center. Find the electric field everywhere in
the hollow sphere. (15)



4. An electric dipole of moment p is placed at a distance d from a grounded conducting sphere of

radius a. The dipole is oriented in the direction radially away from the sphere. Assume that d>> a. Find
the electrostatic potential outside the sphere. (30 points)
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PHYSICS210B, Winter 2010
Final Exam (100 pointsin total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided at the end of the exam.

Name: ID:

Problem 1:

Problem 2:

Problem 3:

Problem 4:

Problem 5:

Total:




1. An aperture X in an opaque screen is illuminated by a spherical wave converging towards a
point P located in a parallel plane a distance z behind the screen (shown below).
(a) Find the quadratic-phase approximation to the illuminating wavefront in the plane of the
aperture, assuming that the coordinates of P in the (X, y) plane are (0, Y). (10 points)
(b) Assuming Fresnel diffraction from the plane of the aperture to the plane containing P,
show that in the above case the observed intensity distribution is the Fraunhofer
diffraction pattern of the aperture, centered on the point P. (10 points)







2. Two point charges +q and —q are placed at opposite poles of a spherical balloon of initial radius
Ro. The radius of the balloon is set to oscillate as follows: R(t) = R, + psinet where pw<<c.

(@) Determine the total power radiated by the oscillating balloon, if any, in term of g, Ry, p
and w. (10 points)

(b) Suppose instead that charges are deposited on the balloon as described below. For each
case, determine the ratio of the total power radiated by the oscillating balloon, if any, to
the total power radiated in (a). Show your work and explain your reasoning. (10 points)

e One point charge +q s placed at a given point on the balloon. The radius of the
balloon is set to oscillate as above.

e Total charge +q is deposited uniformly on the surface of the balloon. The radius
of the balloon is set to oscillate as above.






3. An electromagnetic wave, E = E,@"?"0°0 g isincident from inside a media with

U > &yl on its plane surface as shown in the figure below, where the incident angle () is

larger than the critical angle (&.).
(a) Determine the depth of penetration (o) of the evanescent wave into the free space in
term of 6, &, cand A. Does the result depend on the wave polarization? [Hint: & is
defined as the depth when the magnitude of the evanescent wave decreases to 1/e.] (10

points)
(b) Show that there is no energy transport across the boundary in this case. (10 points)
£ M1 Egs Hy
6>8. 6="?
<>
X






4. A relativistic particle with the rest mass mand energy total E collides with a similar particle, initially
at rest in the laboratory frame. Find:

(a) The velocity of the center of mass of the system in the lab frame. (7 points)

(b) The total energy of the system in the center-of-mass frame. (7 points)

(c) The final velocities of both particles (in the lab frame), if their final velocities are parallel to the
incoming velocity. (6 points)






5. A relativistic particle of charge q is constrained to move along a circle of radius a at a constant
angular frequency . The circle lies on the x-y plane of a Cartesian coordinate system which
has an origin that is at the center of the circle.

(a) Find the retarded time t’ associated with an observation made at time t in the lab frame
at point b along the z-axis (perpendicular to the circle). (5 point)
(b) Find the scalar potential (@) measured at this point at time t in the lab frame. (8 points)

(c) Find the vector potential (A) measured at the same location and time t. (7 points)

10
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Formula Sheet for Final
You may use any of the following equations without derivation.
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PHYSICS210B, Winter 2010
Midterm Exam (90 pointsin total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided at the end of the exam.

Name: ID:

Problem 1:

Problem 2:

Problem 3:

Total:




1. A transmission line consisting of two concentric circular cylinders of metal with conductivity
o and skin depth &, as shown, is filled with a uniform lossless dielectric ( z, ¢). A TEM mode

is propagated along this line.

(a) Show that the time-averaged power flow along the line is P = \/Znaz |H, ° In[EJ,
& a

where H, is the peak value of the azimuthal magnetic field at the surface of the inner
conductor. (10 points).
(b) Show that the transmitted power is attenuated along the line as P(z) = Pe®* where
ot \/E(l/a+1/b) (10 points)
200\ 1 In(b/a)
(c) The characteristic impedance Z, of the line is defined as the ratio of the voltage
between the cylinders to the axial current flowing in one of them at any position z.

Show that for this line Z, =2i\/zln(b/a). (10 points).
T\NE






2. A pulsar emits bursts of radio waves which are observed from the Earth at two different
frequencies, e and a,. An astronomer notes that the arrival time of the bursts is delayed at the
lower frequency, that is, the pulse at @, arrives after the pulse at a». The delay, t is due to
dispersion in the interstellar medium. Assume this medium consists of ionized hydrogen (called
the dilute plasma).

(a) Find the index of refraction of the dilute plasma. (To get full credit, you need to first
write down the equation of the motion of a free electron in an oscillating electric wave).
(15 points)
(b) Find the distance from the pulsar to the Earth. (15 points)
[Assume mis the mass of the electron and N the number of electrons per unit volume.]






3. Consider a “classical” hydrogen atom with the electron moving in a circular orbit at the Bohr

Are,h’
.

radius a, =

Assume the electron’s orbit is in the x-y plane with the period T.

a. Find the lowest multipole moment. (10 points)
b. Calculate the electric and magnetic fields in the radiation zone. (10 points)
c. Calculate the power radiated per unit solid angle. (10 points)

[Note, you just need to calculate (b) and (c) for the lowest multipole moment].






Formula Sheet for Midterm
You may use any of the following equations without derivation.
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PHYSICS 210B, Winter 2011
Final Exam (100 points in total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided at the end of the exam.

Name: ID:

Problem 1:

Problem 2:

Problem 3:

Problem 4:

Problem 5:

Total:




1. Consider a plane electromagnetic wave of wavelength A is incident on a rectangular aperture.
The width of the aperture is a and b along the X and Y-axes, respectively. Under the

Fraunhofer approximation j—b<<1 where x is the distance between the aperture and the
X

detector plane, the diffraction intensity is related to the square of the Fourier transform of the
aperture.
(a) Calculated the Fraunhofer diffraction pattern of the aperture. (8 points)
(b) Determine the maximum and minimum positions of the diffraction intensity. (6 points)
(c) Verify the Heisenberg Uncertainty Principle based on this system. (6 points)



2.

In a collision process a particle of mass my, at rest in the laboratory, is struck by a particle of
mass mg, momentum P, and total energy Ejap. In the collision the two initial particles are
transformed into two others of mass ms and m4. The configurations of the momentum vectors

in the center-of-mass (CoM) frame and the laboratory frame are shown below.
(@) Show that the total energy W in the CoM frame has its square given by

W? =m? +m’ +2m,E,, . (10 points)

(b) Show that the 3-momentum in the CoM frame is p'= % (10 points)

P3 q
mg
Pus "M o
- NETh . -
m.;\&% /m b

P —4
Laboratory frame em frame







3. Consider a charge q and mass m that is harmonically bound (frequency wo) along x (i.e. the
charge is constrained to move on the x-axis). A plane wave propagating along z,

E= Eoei(kz_“’t)f(, Is incident on the charge. Calculate the differential scattering cross-section

j—g as a function of the scattering angle 6. (20 points)



4. A thin linear antenna of length d, centered at the origin, and parallel to the z axis, is excited in
such a way that the current (1) makes a full wavelength of sinusoidal oscillation at frequency w.

(a) Find the current density, J(X,t) . (5 points)
(b) Find the vector potential of the radiation field, A(X,t), in the far zone. (8 point)

(c) Calculate the power radiated per unit solid angle, j—; in the far zone. (7 point)

ikr
[Hint: if d, A <<, then A(i):Z‘—Oe—jj(r)e-‘k“‘d&'. VxA=ikAixA]
7 r






5. A low-energy electron has a velocity vo << ¢ at infinity. The velocity V, is directed towards a

2
fixed, repulsive Coulomb field, the potential energy for which is given by U (r) = Zi. The
r
electron is decelerated until it comes to rest and then is accelerated again in a direction opposite
to the original direction of motion. Show that when the electron has again reached an infinite
distance from the Coulomb scattering center, the kinetic energy of the electron is about

3
Lo - 1mvg(l— 16V°3
2 2 457¢
represents the energy radiated away during the deceleration and acceleration processes. [Hint:
assume that the radiation reaction does not affect the dynamics appreciably. Also, if you can
write down all the main steps, you will get most of the points. The detailed calculation is less
important.] (20 points)

] where m is the electron mass and the term depending on v;






Formula Sheet for the Final Exam
You may use any of the following equations without derivation
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PHYSICS 210B, Winter 2011
Midterm Exam (100 points in total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided at the end of the exam.

Name: ID:

Problem 1:

Problem 2:

Problem 3:

Total:




1. (32 points)
A plane polarized electromagnetic wave of frequency w in free space is incident with
angle i on the flat surface of an excellent conductor (u = po, € = €y and o > wep)
which fills the region z > 0.

(o)

E. ® (conductor)

4 X

Consider only linear polarization perpendicular to the plane of incidence.

a) If the incident wave is given by E = E;eiF&=wt) ghow that (in the limit o > wep)
the magnitude of the electric field inside the conductor is

E.= E;y Cosie—z/éei(k:ac sini4z/d—wt)

6 =4/ 2 and vy=(1-1) 2eow
woo (o2

The z direction is perpendicular to the flat surface of the conductor, while the x
direction is parallel to it.

where

b) Show that the time averaged power per unit area flowing into the conductor is
given by St = €g| E;|?wd cos? i.

A

You may use the Fresnel equation for E perpendicular to the plane of incidence, Ee =

E; (1+77i cosi

NccosT

impedance of the material and r is the refracted angle.

where 7 is the






2. An electric dipole oscillates with a frequency » and amplitude Po. It is placed at a distance x = a/2
from an infinite perfectly conducting grounded plane and the dipole is parallel to the plane. Find the
electromagnetic field and the time-averaged angular distribution of the emitted radiation for distances
r>> A >> qg. (32 points)






3. Propagation of a TE wave between two perfectly conducting plates. Assume the wave reflects
perfectly off each conducting surface, a is the distance between two plates, k is the free-space wave
number of the incident plane wave, and @is the incident angle (the angle between the incident wave
and the normal direction to the conducting plate).
(a) Derive the expressions for the cut-off frequency and the wave number along the
horizontal (i.e. propagation) and the vertical direction. (18 points)

(b) Determine the phase velocity and group velocity of the wave propagating along the
plates. (18 points)






1. (32 points)

A plane polarized electromagnetic wave of frequency w in free space is incident with

angle i on the flat surface of an excellent conductor (i = ug, € = ¢ and o > wey
£ 2 k

which fills the region z > 0.

E; @,

O

(conductor)

Consider only linear polarization perpendicular to the plane of incidence.

a) If the incident wave is given by E= E@e""(g‘f —«!), show that (in the limit o > wep)
the magnitude of the eleetric field inside the conductor is

E.= E;ycosie™

0=/ -
V Wieo
The = direction is perpendicular to the flat surface of the conductor, while the x

where

direction is parallel to it.

and

:/(5(__.5{&:3?:-;111 itz fd—wt)

b) Show that the time averaged power per unit area flowing into the conductor is

2
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2. An electric dipole oscillates with a frequency @ and amplitude Py. It is placed at a distance x = a/2
from an infinite perfectly conducting plane and the dipole is parallel to the plane. Find the

electromagnetic field and the time-averaged angular distribution of the emitted radiation for distances »
>> A >> a. (32 points)
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3. Propagation of a TE wave between two perfectly conducting plates. Assume the wave reflects
perfectly off each conducting surface, a is the distance between two plates, k is the free-space wave
number of the incident plane wave, and @1is the incident angle (the angle between the incident wave

and the normal direction to the conducting plate).
(a) Derive the expressions for the cut-off frequency and the wave number along the

horizontal (i.e. propagation) and the vertical direction. (18 points)
(b) Determine the phase velocity and group velocity of the wave propagating along the

plates. (18 points)
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PHYSICS 210A, Winter 2012
Midterm Exam (50 points in total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided at the end of the exam.

Name: ID:

Problem 1:

Problem 2:

Problem 3:

Problem 4:

Total:




1. A small sphere of polarizability « and radius a is placed at a great distance from a conducting sphere
of radius b, which is maintained at a potential V. For an approximate expression for the force on the
dielectric sphere valid for r >> a. (10 points; this is a comprehensive exam problem in Fall 2011)

2. Suppose the entire region below plane z = 0 is filled with a uniform and linear dielectric material
with permitivity &. A point charge q is placed a distance d above the origin.

a) Find the potential with z > 0. (10 pints)

b) Find the bound charge on the surface of the dielectric material. (4 points)

3. Two infinite thin plates are located at z = +d/2 with potential +Vcos(ky), respectively. Find the
electrostatic potential and the electric field in the space between the two plates. (12 points)

4. The linear charge density on a ring of radius a is given by p :g(cosqﬁ—sin ¢) . Find the first three

monopole, dipole, and quadrupole moments of the system, and use these moments to write an
expression for the potential at an arbitrary point in space. (14 points)



1. A small sphere of polarizability & and radius a is placed at a great distance from a conducting sphere
of radius b, which is maintained at a potential V. For an approximate expression for the force on the

dielectric sphere valid for » >> a. (10 points; this is a comps problem in Fall 2011)
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2. Suppose the entire region below plane z = 0 is filled with a uniform and linear dielectric material

with permitivity &. A point charge g is placed a distance d above the origin.

a) Find the potential with z > 0. (10 pints)
b) Find the bound charge on the surface of the dielectric material. (4 points)
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3. Two infinite thin plates are located at z = +d/2 with potential +Vcos(ky), respectively. Find the
electrostatic potential and the electric field in the space between the two plates. (12 points)
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4. The linear charge density on a ring of radius a is given by p = L4 (cosg—sing) . Find the first three
a

monopole, dipole, and quadrupole moments of the system, and use these moments to write an
expression for the potential at an arbitrary point in space. (14 points)
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PHYSICS 210A, Winter 2012
Final Exam (100 pointsin total)

Closed books and closed notes

Please write down the necessary intermediate steps

Write your answers in the space provided. Continue on the back if necessary.
A formula sheet is provided in the last page of the exam.

Name: ID:

Problem 1:

Problem 2:

Problem 3:

Problem 4:

Problem 5:

Problem 6:

Total:




1. A sphere of radius Ry has a charge density p uniform within its volume, except for a small
spherical hollow region of radius R, located a distance a from the center.
(a). Find the electric field E at the center of the hollow sphere. (7 points)
(b). Find the potential ¢ at the same point. (7 points)



2. A uniform current density J = 502 flows through all space between x = - a and x = a (a current
sheet), as shown in the figure below.

(a). Find the magnetic field B (magnitude and direction) everywhere. (7 points)
(b). An electron (mass m,, charge —€) is fired from an electron gun at x = 2a with velocity

V =-VvX (toward the origin). What is the minimum speed v the electron must have to reach
the point x = a (the edge of the current sheet)? (7 points)

¥
OF
z (constant, out

X of page everywhere
in shaded region)

Xx=-a x=0 x=+a



3. A sphere of radius a made of linear magnetic material with permeability « is placed in an otherwise
uniform magnetic field H, = H,Z in vacuum.

(a). Find the magnetic fields, H , inside and outside the sphere. (10 points)
(b). Find the induced magnetization. (4 points)

(c). Find the bound currents inside the sphere, jb, and on its surface, Kb. (4 points)



4. An infinite straight wire carries a linearly increasing current 1(t)=k t, for t > 0, where k is a constant.
Find the electric and magnetic fields (E and B) generated, for t,> 0. (You may ignore delta function
pulses associated with the turn-on.) Hint: f% = sinh™ x . (14 points)



5. A cylinder of radius R and infinite length is made of permanently polarized dielectric. The
polarization vector P is everywhere proportional to the radial vector $ in a cylinder coordinates (s, ¢,
2), P=as, where ais a positive constant. The cylinder rotates around its axis with an angular velocity
. This is a non-relativistic problem, -aR << c.

(a). Find the electric field E at a radius s both inside and outside the cylinder. (6 points)

(b). Find the magnetic field B at a radius s both inside and outside the cylinder. (6 points)
(c). What is the total electromagnetic energy stored per unit length of the cylinder; (8 points)
(i) before the cylinder started spinning?
(if) while it is spinning?
Where did the extra energy come from?



6. We assume the existence of magnetic charge related to the magnetic field by the local reaction

V- é = HoPrm -
(a). Using the Gauss’s theorem, obtain the magnetic field Bof a point magnetic charge at the
origin. (5 points)
(b). In the absence of the magnetic charge, the curl of the electric field is given by the
Faraday’s law, V x E:—%. Show that this law is incompatible with the magnetic charge
density that is a function of time. (5 points)
(c). Assuming that magnetic charge is conserved, derive the local relation between the

magnetic charge current density jm and the magnetic density p,,. (5 points)

(d). Modify Faraday’s law as given in part (b) to obtain a law consistent with the presence of
the magnetic charge density that is a function of position and time. (5 points)
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1. Consider the infinite two-dimensional conducting plane depicted in the figure below. The right
half 1s maintained at electrostatic potential ¥y while the left half 1s maintained at potential —V.
Calculate the potential above the plane. (25 points)

=l e —— e e — il

% %




2. The figure below shows the cross section of an infinitely long circular cylinder of radius 3a
with an infinitely long cylinder hole of radius a displaced so that its center is at a distance a

from the center of the big cylinder. The solid part of the cylinder carries a current /, distributed
uniformly over the cross section, and out from the plane of the paper.
(a) Find the magnetic field at all points on the plane P containing the axes of the cylinder. (15
points)
(b) Determine the magnetic field throughout the hole. (10 points)
J
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3. Use the Maxwell’s stress tensor to calculate the net force on the northern hemisphere of a uniformly
charged solid sphere of radius R and charge g. (25 points)



4. Consider a dielectric medium of infinite extent in all directions. The medium has a tensor
permittivity, given by

(e 0 0)

where ¢, =¢ =¢ , ¢, =€, €, #& and (x, y, z) refer to Cartesian coordinates. A point charge of

charge g is placed at the origin of the coordinate system.

(a) Find the magnitude of the electric field at an arbitrary point (x, y, 2), i.e., |E ‘ . (10 points)

(b) Deduce the polarization (or bound) charge density p, induced on the dielectric at an arbitrary
point (x, y, z). (10 points)
(c) Find the total electrical energy density u, at (x, y, z). (5 points)



5. A harmonic plane wave of frequency v is incident normally on an interface between two dielectric

media of indices of refraction n; and n, with n; > n;. A fraction ¢ of the energy is reflected and forms a
standing wave when combined with the incoming wave. Recall that on reflection the electric field
changes phase by n for n, > n; and assume that the z-axis is along the incident wave.

(a) Find the expression for the total electric field as a function of the distance d from the interface in
medium #;. Determine the positions of the maxima and minima of <E*>. (10 points)

(b) Find B(z, t) and <B”> in medium #;. (10 points)

(c) When W. Wiener did such an experiment using a photographic plate in 1890, a band of minimum

darkening of the plate was found for d = 0. Was the darkening caused by the electric or the magnetic
field? (5 points)



e—br

1. A static charge distribution produces a radial electric field B =4 2 ¥ | where 4 and b are

constants.
(a) What 1s the charge density? (7 points)
(b) What is the total charge? (5 points)



2. A sphere of radius R; has a charge density p uniform within its volume, except for a small
spherical hollow region of radius R, located a distance a from the center.

(a). Find the electric field E inside the hollow sphere. (6 points)
(b). Find the potential @ at the center of the hollow sphere. (6 points)



3. Find the potential energy of a point charge (g) in vacuum a distance d from a semi-infinite dielectric
medium with a dielectric constant ¢, . (12)



4. An infinitely long cylinder of radius a and surface charge density o = o, cos3¢ is surrounded by an
infinitely long conducting cylindrical tube of inner radius b which is held at zero potential.

g

@

b\

"}

(a) Find the potential ®(p, @) inthe 0< p <a and the a < p <b regions. (10)

(b) Find the surface charge density on the inner surface of the grounded cylindrical tube. (4
points)



1. A thin uniform donut, carrying charge Q and mass M, rotates about the z-axis as shown in the
figure.

(a) Find the ratio of its magnetic dipole moment to its angular momentum. This is called the
gyromagnetic ratio (or magnetomechanical ratio). (8 points)
(b) What is the gyromagnetic ratio for a uniform spinning sphere? (4 points)

(c) According to quantum mechanics, the angular momentum of a spinning electron is %h , where A is

Plank’s constant. What is the electron’s magnetic dipole moment in 4-m?? (4 points)
[e=1.6x10""C,m, =9.11x10' kg and h=1.05x10"*Js1.



d

2. Find the potential energy of a point charge (g) in vacuum a distances away from a semi-infinite

dielectric medium whose dielectric constant is X. (16 points) .



3. A cylindrical thin shell of electric charge has length / and radius a, where / >> 4. The surface charge
density on the shell is o. The shell rotates about its axis with an angular velocity @ which increases
slowly with time as @ = k¢, where k is a constant and ¢ > 0, shown below. Neglecting fringing effects,
determine:

(2) The magnetic field inside the cylinder. (6 points)

(b) The electric field inside the cylinder. (6 points) _

(c) The total electric field energy and the total magnetic field energy inside the cylinder. (5 points)



4. A conducting spherical shell of radius R is cut in half. The two hemispherical pieces are electrically
separated from each other but are left close together as shown in the figure below, so that the distance
separating the two halves can be neglected. The upper half is maintained at a potential ¢= g, and the
lower half is maintained at a potential ¢= 0. Calculate the electrostatic potential ¢ at all points in space
outside of the surface of the conductors. Neglect terms falling faster than 1/7* (i.e. keep terms up to and

including those with 1/#° dependence), where r is the distance from the center of the conductor. [Hint:
Po(x) =1, Pi(x) =x, Pa(x) = 3/2 o 1/2, P3(x) =5/2 x* - 3/2 x] (17 points)



6. Linearly polarized light of the form E (z,t) = E,e"**™®" is incident normally onto a material

which has index of refraction ng for right-hand circularly polarized light and n; for left-hand circularly
polarized light. Determine the polarization of the reflected light and calculate the reflection coefficient
of the intensity. (17 points)




1. Consider a sphere of radius R center at the origin. Suppose a point charge g is put at the origin and
that this is the only charge inside or outside the sphere. Furthermore, the potential is @ = V,cos0 on the
surface of the sphere. What is the electric potential both inside and outside the sphere? (12 points)



2 Consider a dielectric medium of infinite extent in all directions. The medium has a tensor

permittivity, given by

0

0

0"’1

E___)

where £.=6,,=€, , &, =6, €, #& and (x, ), Z) refer to Cartesian coordinates. A point charge of
charge g is placed at the origin of the coordinate system.

(a) Find the magnitude of the electric field at an arbitrary point (x, y, 2), 1.e. IE ‘ . (5 points)

(b) Deduce the polarization (or bound) charge density £, induced on the dielectric at an arbitrary

point (x, y, z). (5 points)

(c) Find the total electrical energy density u; at (x, y, z). (3 points) [Hint: u, = E-D]



3. A hydrogen atom is made up of a proton of charge e and an electron of charge —e. In 1913 Niels
Bohr developed a theoretical model for the hydrogen atom. In Bohr’s model, the hydrogen atom is
most stable, when electron is at the ground state, i.e. the distance between the electron and the proton is
equal to the Bohr radius ao.

(a) The energy to move the electron from the ground state to infinity is called the binding energy.

Calculate the binding energy for the hydrogen atom. (5 points) [ap = 0.52 A=052x10"m;e=1.6 x

2

10"° C; &, =8.85%107" o I need to calculate a number.]
.m

(b) Bohr’s model is too crude, however. According to the quantum mechanics, the motion of the
electron causes its charge to be “smeared out” into a spherical distribution around the proton, so that

-2rlay

e
the electron is equivalent to a charge per unit volume of 2(r) =——7e . Find the total amount of
0

the hydrogen atom’s charge that is enclosed within a sphere of radius r centered on the proton. (5
points) [Hint: use integration by parts and keep ap and e in the final result. ]
(c) Find the electric field caused by the charge of the hydrogen atom as a function of in (b). (3 points)

[keep as, & and e in the final result.]



4. Two concentric conducting spheres of inner and outer radii a and b, respectively, carry charges +0.
The empty space between the spheres is half-filled by a hemispherical shell of dielectric (of dielectric

constant &) as shown in the figure.
(a) Find the electric field everywhere between the spheres. (6 points)

(b) Calculate the surface-charge distribution on the inner sphere. (3 points)
(c) Calculate the bound (or polarization) charge density induced on the surface of the

dielectric at » = a. (3 points)



I. A thin linear antenna of length 4, centered at the origin, and parallel to the =z axis, is excited in such a
way that the current (/) makes a full wavelength of sinusoidal oscillation at frequency .

(a) Find the current density, J{,E._,z]. (3 points)
(b) Find the vector potential of the radiation field, &{i,r) , in the far zone. (7 point)

(c) Calculate the power radiated per unit solid angle, E , in the far zone. (7 point)

(Hint: if d, 2 <<, then A(x}_;‘ e [J{ e i)



2. Radiating electric quadrupole. Suppose an oscillating spheroidal distribution of charpge with
angular frequency ¢ (a spheroid is an ellipsoid having two axes of equal length).
(a) Assume the length along the X and y axes of the spheroidal distribution to be equal and Qs = Q.
Calculate the other elements of the electric quadrupole moment tensor. (8 points)
(b) Calculate the angular distribution of the radiated power as a function of £ (8 points)

dP c'k"Z, )

(Hint: Q, = '[{3;;;;;,. —x? &, )p(E)d’x Q,(R)= ;Q,i.-ni o i x O(R)

%




3. Consider a rectangular waveguide, infinitely long in the x-direction, with width (y-direction) 2
c¢m and a height (z-direction) 1 cm. The walls are perfect conductor, shown in Fig. 1.

(a) What are the boundary conditions on the components of E and B at the walls. (4 points)

(b) Write down the wave equations describing the E and B fields of the lowest mode. (Hint:
the lowest mode has the electric field in the z-direction only). (3 points)

(c) For the lowest mode that can propagate, find the phase velocity and the group velocity. (8
points)
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2. Two coaxial cylindrical conductors with radius 7, and r, form a waveguide (shown in the figure
below). The region between the conductors is vacuum for z < 0 and if filled with a dielectric medium
with dielectric constant & for z> 0. Assuming p = p,

(a) Calculate the £ and B field of the TEM mode for z < 0 and z > 0. (9 points)

(b) If an electromagnetic wave in such a mode is incident from the left on the interface,
calculate the transmitted and reflected waves. (5 points)

(c) What fraction of the incident energy is transmitted? What fraction is reflected? (4
points)




3. A small circuit loop of wire of radius a carries a current i = iycos(wr). The loop is located in the xy
plane (see the figure below) with r >> a.

(a) Calculate the first non-zero multiple moment of the system. (5 points)

(b) Calculate the £ and B fields of the first non-zero multiple moment.

(c) Determine the angular distribution of the radiation power and qualitatively plot the radiation

pattern.
- - . ikr
[Hint: you may directly use any the following equations: A4 (X)) =~ I“‘:’@ e .
T or
N - 27 ikr - e 73 _ikr X :
App (X)) = % E;“ﬁ xm, BEQ == }gf:: Er nxQ(n) and Q, = I(3xj X, ' 5,} )p(x' )d’x'. But please

write down all the other necessary steps to derive your solutions].



PHYSICS 210B, Spring 2014
Final Exam (100 points in total)

o Closed books and closed notes
o Please write down the necessary intermediate steps
o Write your answers in the space provided. Continue on the back if necessary.

Name: SQ ‘U E\Of\s ID:

Problem 1:

Problem 2:

Problem 3:

Problem 4:
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Total:




1. A plane electromagnetic wave of frequency @ and wave number k propagates in the +z
direction. For z < 0, the medium is air with € = g, and conductivity o = 0. For z > 0, the medium
is a lossy dielectric with € > ) and ¢ > 0. Assume that K = o in both media.

(a) Find the dispersion relation (i.e. the relationship between & and ) in the lossy medium
Please calculate both the real and imaginary part of . (5 points)

(b) Find the limiting values of k (both the real and imaginary part) for a very good
conductor and a very poor conductor. (4 points)

(c¢) Find the e”! penetration depth & for plane wave power in the lossy medium. (4 points)

(d) Find the power transmission coefficient T for transmission from z < 0 to z> 0, assuming
0 << gw in the lossy medium. (7 points)
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2. (a) Consider two positrons in a beam at SLAC. The beam has energy of about 50 GeV (y= 10°). In
the beam (rest) frame, they are separated by a distance d, and positron e; is traveling directly ahead of
e, in the Z-axis, shown in the figure (left) below. Write down £, B , the Lorentz force F and the
acceleration a at e/ due to e; . Do this in both the rest and laboratory frames. (10 points)

(b) The problem is the same as in part (a) except this time the two positrons are traveling side by side
as shown in the figure (right) below. (10 points)
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3. To account for the effects of energy radiation by an accelerating charge particle, we must modify
Newton’s equation of motion by adding a radiative reaction force Fh.
(a) Assume for simplicity that the orbit is circular so that v -v= 0. Show the classic result for F} is:

F, = 3"—3v s (7 points).
3¢
(b) Now consider a free electron. Let a plane wave with electric field E = Ee

electron. Again assume that v << ¢, What is the time-averaged force < > on the electron due

to the electromagnetic wave? (9 points)
(¢) Use the radiation pressure p of this wave to deduce the effective cross section for the scattering

of radiation: o =(F)/p. [Hint: p= (S)/c] (4 points)
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4. Two point charges of charge e are located at the ends of a line of length at rotates with a

constant angular velocity /2 about an axis perpendicular to the line and through its center as shown in
the figure below.

a) Find (1) the electric dipole moment, (2) the magnetic dipole moment, and (3) the electric
quadrupole moment. (10 points)

b) What is the lowest order radiation emitted by this system? Calculate £and B of the radiation.
(10 pomts)
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5. An un-polarized plane electromagnetic wave is scattered by a free electron. Derive the differential
cross-section for scattering in the non-relativistic limit (Thompson scattering). (20 points)
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