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Exam: ETEN15 Accelerators, Particles and Fields,

March 14, 2013

Aids: Table of formulas. Calculator.
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An electron has charge −e and mass m. At time t = 0 the electron is at
(x, y, z) = (0, 0, 0), in the middle between two conducting circular plates, and has

velocity

(

dx

dt
,
dy

dt
,
dz

dt

)

= (v0, 0, 0). The distance between the plates is d and the

diameter of the plates is L, see figure.
At time t = 0 we apply a constant voltage U > 0 between the plates. Assume

that the electric field is constant between the plates and zero outside. Also assume
that the speed of the electron is always much less than the speed of light.

Determine the y−coordinate (in meters) where the electron hits the screen that
is placed at x = 3L/2.

The quantities e, m, U , d and L are assumed to be known.
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A proton has charge e and mass mp. It moves in a constant magnetic field

B = B0ẑ

where B0 > 0, and a slowly varying electric field E(t) = E0 cos ωtẑ, where E0 > 0.
The frequency ω is small enough such that the magnetic field induced by E(t) can
be neglected. At time t = 0 the proton is at the origin (x, y, z) = (0, 0, 0) and has
velocity (v, 0, 0), where v > 0.

a) Assume first that E0 = 0 and that the speed of the proton is non-relativistic.
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Determine the position (x(t), y(t), z(t)) of the proton for t > 0.

b) At what time T does the proton come back to the origin when E0 = 0?

c) Assume that E0 > 0 and that the speed of the proton is non-relativistic. Deter-
mine the position (x(t), y(t), z(t)) of the proton for t > 0.

d) Assume that E0 > 0 and that the speed of the proton is non-relativistic. Deter-
mine one possible ω such that the proton comes back to the origin for the first time
when t = 10T where T is the time determined in b).

e) Assume that v is a relativistic speed and let E0 = 0. Determine the position
(x(t), y(t), z(t)) of the proton for t > 0.

3

In year 1860 two persons PA and PB conduct an experiment. They use a very long
straight metal wire. PA is not moving relative the wire while PB moves with the
non-relativistic velocity v = vẑ parallel with the wire. PB carries a small metal
sphere with charge q. The sphere is at a distance a from the wire, where a is much
larger than the radius of the sphere. The wire is attached to a battery such that a
current I is running along the wire, as in the figure.
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PA sees that there is a constant current I running along the wire. He sees no
net charge on the wire and concludes that there is an equal amount of positive and
negative charges per unit length of the wire. He can calculate the magnetic field
around the wire by using Amperes law

B =
µ0I

2πa
φ̂

Now person PA calculates the force on the charge q that PB has. Since PB’s sphere
moves with the non-relativistic velocity v = vẑ PA calculates that the sphere has
the Lorentz’ force

F = q(v × B) = −qv
µ0I

2πa
r̂c

This is also the force that PB measures on the sphere. So far PA and PB both agree.
Now PA tells PB that PB’s sphere experiences a magnetic force. No says PB,

that is not true! My sphere is at rest in my system and hence the magnetic force is
zero. My sphere experiences an electric field since the wire has a net charge! The
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value of the force on my sphere that you calculated is correct but I insist that it is
given by the formula F = qE.

How can this be wonder PA. I see no net charge on the wire and yet PB says it
has a charge. Something must be wrong!

In 1860 the theory of special relativity was not known and there was no way
for PA and PB to solve their disagreement. Even though PA is moving with non-
relativistic speed you need to solve their problem by using special relativity.

a) Use γ = 1) and determine the electric and a magnetic field that PB measures.

b) Use the formulas transformation of currents and charge distributions and show
that PB sees a line charge on the wire, even though there is no charge seen by PA.
Determine the charge per unit length seen by PB.

c) Assume that the speed is relativistic with v = 0.5c (PB has managed to build
an extremely fast train). The force that PA calculates is still

F = q(v × B) = −qv
µ0I

2πa
r̂c

since he only knows the non-relativistic electromagnetics. Will PB measure the same
force on his sphere? If not what is the force that PB measures?

4

An electron with charge −e is accelerated by a constant electric field E = (−E0, 0, 0),
where E0 > 0. It starts at rest at (0, 0, 0). The electric field is large enough such
that the electron will reach relativistic speeds.

a) Determine the speed of the electron v(t) and its position (x(t), y(t), z(t)) as a
function of time for t > 0.

b) When the electron has traveled the distance x0 it should have gained the kinetic
energy eE0x0. Show that this kinetic energy of the electron (remember to use the
relativistic expression) is the same as you get from a).

An integral

∫ x
√

1 + x2
dx =

√
1 + x2
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A rectangular waveguide has cross section a = 0.1 m and b = 0.06 m.

a) Determine the bandwidth of the fundamental mode.

b) Assume that the frequency is 2 GHz. Assume that one generates the mode TE20

mode at z = 0 such that the amplitude is 10V/m. At what z is the amplitude 5
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V/m?

c) Determine the phase speed of the fundamental mode at the frequency 2 GHz.

d) Determine the group speed of the fundamental mode at the frequency 2 GHz.

φ

f) At 2 Ghz the fundamental mode is generated at z = 0 and sent in the positive
z−direction. A very thin metal plate of size b× b has been placed in the waveguide
with its center at (x, y, z) = (a/2, b/2, 3b), as in the figure. The angle φ can be altered
in the range 0 ≤ φ ≤ 90◦. The plate creates a reflected field in the waveguide, but
at a certain φ it is seen that no reflection occurs and that the fundamental mode
passes the plate without being affected. Determine the angle φ and explain why the
plate does not affect the fundamental mode.
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Assume a cylindric cavity with radius a and length h.

a) Sketch the electric field for the TM010 mode in a cross section of the cavity. The
cross section should be in the xz-plane, where the z−axis is the symmetry axis. The
electric field should be shown as arrows where the length of the arrow indicates the
field strength.

b) Sketch the magnetic field in a cross section in the xy-plane of the TM010 mode.

c) Determine the resonant frequency of the TM010 mode when a = 0.1 m and h = 0.3
m.

d) The cylindric cavity is fed by a source such with frequency equal to the resonant
frequency of the TM010 mode. The phase of the source is such that the electric field
in the cavity is proportional to sin(ωt). The maximum amplitude of the electric
field in the cavity is E0. Assume that a proton with speed v enters the cavity at
time t = 0. Determine the kinetic energy that the proton will gain in the cavity as a
function of the length h. The gain in energy is small enough compared to the initial
kinetic energy of the proton, such that the speed of the proton can be considered to
be constant in the cavity. The radius a, the length h, E0, ω and v are assumed to
be known.


