6) Calculate a speed of light, c, which would allow me to age two hours less than you

while I fly to Rome and back next week. The distance between Roanoke and Rome is

about 5000 miles and the plane flies at about 500 miles per hour.
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10 keV, scatters from an electron at rest. The outgoing

8) A photon of energy, E=
dent photon. What kinetic energy does the recoil

photon is at 90 degrees from the inci

electron have?
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1) (4 pts) Solve for the speed, v, where the kinetic energy of an electron equals its rest
mass energy. Sketch a graph of speed, v, versus kinetic energy, &, for the electron
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£} e c = kb xeod s
vo= = ( = O“gé *
iy
C - - o [ . L
Vo
; Kinetic Energy
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2) (2 pts) As [ travel towards a radio station, 1 observe its broadcast frequency to be

!

increased such that LA l—t’é I observe its wavelength to also be changed such

1% 1-p
that
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7) (6 pts) A A" particle decays from rest into a proto
energy of 140 MeV and momentum of 230 MeV/e.
938 MeV. What is the rest mass energy of the AT?

n and pion. The pion has a rest mass
The proton has a rest mass energy of

gﬁ - v(lmﬁ'é)”‘PﬂL
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‘ 1) Steve and Alma are the same age on Earth. Steve travels to a space station 10 light
years away at 0.6 c. Alma decides to wait and leaves later on a faster ship which
travels at 0.9 ¢. They both arrive at the same time. Who is older when they arrive

and by how much?
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e 6) Describe a thought experiment which would indicate the necessity of a gravitational
' red-shift for light.
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8) A particle ar rest decays into three other particles. One of them is a photon and not
observed. The other two have energies and momentum shown. What is the rest mass

energy of the original particle?

m= 170 MeV/c*

m = 170 MeV/c? p= 200 MeV/c
p= 120 MeV/c
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proton and pion. The pion has a rest mass

1) 1) A A" particle decays from rest into a
The proton has a rest mass

energy of 140 MeV and momentum of 230 MeV/c.
energy of 938 MeV. What is the rest mass energy of the A"?
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2) a) Two events, A and B, happen in frame S

g" ct
4% b / V(SKYB
3 Xsl| - ¥ Xa

\ 8 5

Q
VAN )
A B X
S

Tn another frame, S’, traveling to the right at
origin. Sketch the locus of points where B coul

b) Tw

speed v, one arranges

at the same time as shown:
ct

X

. 05‘5’19(9 U.‘Clgé‘d' o/;N
e\[\@,m%” @

N~

t event A is at the

d appear for different values of v.

o events, A and B, happen in frame S at the same position as shown:

ct
V- s ¥ ! Bt
g b O = ‘HZISCE}
7 6 B Q
\ \. ' 0 o
| — X X
S

In another frame, S’,
origin. Sketch the locus of points

¢) Two events, A and B, occur in frame
Could they be causally related? Why?

ct

4

traveling to the left at speed v, ©

beloes !‘j e

Cﬁ‘uﬁ&/ Ib

S)

ne arranges that event A is at the

where B could appear for different values of v.

S as shown (both axes have the same scale).
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3) Given 4% = J()) o |in frame S, calculate the magnetic and electric fields F and
0
B, where E, and B, are constants.
Lo - -3 A
.|V s b= YE E=-(¢ +=}>-'>*'" 2
VAR J (e +55)= %
Ab A - lk\ "5 9 _ 3 Fa
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il R R

Now boost 4 into a new frame S’ moving in the x-direction at speed V.
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Show that these agree with the anticipated transformations for E and B fields
derived in class.
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all moving in the x direction, with total
Find the velocity of the center of
(Hint: transform the total

4) Suppose you have a collection of particles,
energies Ei, B, Bs and momenta pi, P2, Ps.
momentum frame, in which the total momentum is zero.

momentum into the new frame)

Eff[, pE, + &
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5) In class we showed that %1?- = F .ii while denvmg the Work-Energy theorem. Re-

derive this, in a much simpler fashion, by taking the time denvatlve of

p'p, = _m?c?, showing each step clearly.
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6) a) Consider the equatmn of a traveling plane wave moving along a direction k.

What four-vector is & the spatial part of? " € V(B X -(,r)rj
'
k}( (ﬂ
k" = | 2
R
|k
\%

Interpret the Lorentz invariant contraction k*x,

hphase'  sam for 2l observers

What is k“k,, for lightin vacuum?

2
K= LR bk b gt vebae e

Py klm}{;z.

b) Is angular momentum, L, the spatial part of a four-vector? Explain

L=7xp
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1) A clock is at rest in the train station. You are on the train passing by at 0.6¢c. How
long does each second on the clock appear to take to you?

T
e}

2) An object of volume V in its rest frame passes you at 0.6c. What is its apparent
volume to you? :

'é_;

3) A photon knocks an electron from a surface with a kinetic energy of 2 eV. The work
function of the surface is 1 eV. What is the minimum wavelength of the photon?

L1 3 e




10) An electron is accelerated from rest by a uniform electric field of 100 kV/cm. After it

has traveled 5 cm, what is its speed?
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1) An electron is accelerated from rest through a 5.00 MeV pdtential, and then travels
through a beam-line 100 m long in the laboratory frame. :

K§= oo Mﬁ(/'@ {'5’., ;}ﬁ*@iﬁ? = {ha’w )\> o5
A N e
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a) How long does the electron take to pass through the beamline in the lab frame?

= MQMW . ; -
L= Geerxied T O 335 ms

b) How long does the electron take to pass through the beamline in the electron’s
frame?

= . 403 o ms

¢) How long is the beam-line in the electron’s frame?
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£ ¥ T s A3



10) A moving particle decays into two other particles as shown. What is the rest mass

energy of the original particle?
m = 170 MeV/c?

m =170 MeV/c® Y v=090c
v=0.80c¢c
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2) Consider a particle traveling along the <-axis to the right which decays into two pions
with momentum as shown. The mass of the pions is about 140 MeV/c®. We will

determine the mass of the parent p meson.
528 MeV/c
0!
-4
@;&’
f

5 ™ B 2166 MeV/c
a) What is the

total energy of ©; and Tz combined? (Calculate them separately first.)
E= (7107 4fmagc™ ) = k

A7 ot e sap Y

M" ‘2‘ L

. T2 3l Mel
EZ: " Xj JN&é +~ 140 =~ A

Er= £, +E, = 2313 MV
b) What is the total momentum in the x and y directions?

Px = £28 ws 3o+ 2léé rasF = 201 M/

Puz o sinto = 20 sin? =

¢) Using conservation of energ

gy and momentum, what is the total momentum and
energy of the parent particle?

£y = 2417 /Mel/
3 = 2607 Melle f + o 5

d) What is the rest mass energy of the parent particle?
T a2 -
Mtz - Pt T 368 MeV

e) After many such measurements, one accumulates the figure below. Using it,
estimate the lifetime of the parent p meson.
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1) A neutral particle decays into two charged ones with characteristics as shown. How
fast was the neutral particle traveling?

M= 14D MV p= 1HO MeV/e
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e converted to energy and beamed to another location in

‘ 1) If a typical 70-kg person wer
Star Trek, how much power would be in this beam?

a matter of 3 seconds, like in

z

2) Describe the properties of our universe which give rise to conservation of linear

momentum, angular momentum, and energy.

e ‘5% 5\,}»&;34 & j LAV G ents Dy R J es  p¥loata ,ﬁa,f'gwm Lon s w}?’ﬁf A
o %4
§ P D \neal v ?

Fegas ladrova

—y eA5YH Lon 3O &t

time VIR AT A

3) An electron is accelerated from rest by a uniform electric field of 100 kV/cm. Afterit

has traveled 5 cm, what is its speed? *
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1) A certain particle has a total energy of 1.5 GeV, and a momentum given by
300

p=[300 MeV/c in the lab frame. Find the speed and direction of the frame
0

(relative the lab frame) in which the particle has the least total energy, and what is
that energy?
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2) Frames S and S’ coincide at x=y=z=t=x"=y’=t’=0. Event A occurs at t=2 seconds and
position (x,y,2=(3x10°m, 5x10°m, 0) in the S frame. At what time in the $° frame
will the light from this event pass the S’ origin if the S’ frame is moving along the y
axis at the speed ¢/27




3) The neutrino beam from Fermilab to Soudan is produced by having energetic pions
decay in-flight (producing neutrinos) along a 1200m tunnel. What is the maximum
total energy of the pion if you want half of those entering one end of the tunnel to
decay before reaching the other end of the tunnel? (The rest mass of the pion is 135
MeV/c?, and its proper half-life is 26 nanoseconds).
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4) An unknown neutral particle (invisible in the detector) decays symmetrically in flight
into two singly charged particles (opening angle of 60 degrees), each with mass 450
MeV/c? and radius of curvature of 0.75 m in a 3 Tesla magnetic field as shown. What
was the mass of the unknown particle? (hint: this requires a little playing with units -
if everything goes in as MKS, then the result is in MKS; it may be convenient to
multiply by “1” in the form of (3 0x10® m/s) / ¢) If you can not get the momentum of
the particles, then use 500 MeV/c each.
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5) A deuterium particle (assumed twice the mass of a proton) traveling at 0.4¢ collides
head-on with a proton traveling in the opposite direction. What energy must the
proton have, such that the total momentum of the two particles in the laboratory

frame be zero?

= 5’/5’2? Me %

Yy
v, g o %jf,g'
e &SiE.d 7 -




6) You see a red light ahead of you but don’t want to have to stop. So vou speed up
until the light appears green. How fast are you going? (Red light has a wavelength of
650 nm, and green 510 nm.)




7y John gets on a space ship traveling away from Earth at 0.5¢c. After a year, his wife
starts to miss him, and sends him a radio signal asking him to come back. When John
receives the message, he dutifully turns around and heads back at 0.5¢c. How much
younger will John be than his wife when he gets home?




8) A 1.0 MeV photon collides with an electron. What is the maximum kinetic energy
which can be given to the electron? Solve this directly using energy and
momentum conservation, and then check you results using Egn 3-40 for Compton

scattering: A, — 4, = —-}—I~(1 —cos8) (note: hc=1240 eVnm)
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