PHY 251 Fall 2009: homework problem set 2, due PHY 251 dropibezom A-129 by noon on
Friday, Sep. 18.

1. Dick and Jane are each carrying an exact meter stick @ocpto them in their frame of
reference). Dick goes past you at mach ten or 3000 m/s, wdwile Joes past you at half the
speed of light. How much shorter than 1 meter does Jane's istgtk appear to you? How
much shorter than 1 meter does Dick’s meter stick look to you?

Answer: In both cases, you see a lendth: ¢, /~ relative to what they see, or a length differ-

ence offy—¢ = (y(1—1/7). Inthe case of Jane, we have= 0.5 andy = 1/,/1 — (1/2)? =
2/+/3 giving
V3

1
by — 0 =1y(1— 5) = (1m)(1— 7) = 0.134 meters

In the case of Dick, we havé = (v/c) = (3 x 10%/3 x 10%) = 10~° so we have to use a
low-5 expansion for the Lorentz factet

bo—1C = fo(l — l) =Y (1 — (1 _ 62)1/2)
v
b <1 —(1- %g?)) - 50352

1
= (1 m)§(10‘5)2 =5x1071"m.
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Given that atoms have a size of aroung 10~° m, this is going to be hard to detect!

2. A smug city slicker bets a farmer that he can’t get his 10mgladder into a 8 m long shed.
The farmer, who reads Einstein each day after milking hisscéakes him up on the bet. He
tells the city slicker to stand to the side of the shed and Indke windows at each end, and
the farmer then runs fast as he can through the shed whil@rgthe ladder. How fast does
the farmer have to run to win the bet? While on the run, how ldogs the shed appear to
the farmer, and does the farmer ever think his ladder isayptinside the shed? (3 answers
required).

Answer: For the city slicker in the stationary frantg to observe the ladder as being com-
pletely inside the shed while the farmer runs by in the faisnieame S;, we must have a
Lorentz contraction calculated fromy = (1/v)L». Therefore

T T 8m 4
Now~? =1/(1 — 3?) so

B=1-1/92=/1-42/52 = /9/25 = 3/5

orv = 0.60c. Now, to the farmer the shed appears to be moving toward hiim=a1).60c,
so its length is Lorentz contracted accordingyte= 5/4, giving an apparent shed length
of (8 m)/(5/4) = 6.4 m. As a result, the farmer never sees the ladder as being etehpl
inside the shed! But the farmer knows what the city slickeissand collects on the bet

1



3. You tune your radio in your car to your favorite radio statwhich plays all Barry Manilow
all the time: 88.1 MHz. However, you find instead that you aeeiving the death metal
station WIKD which broadcasts at 106.1 MHz. How fast are young, and in which direc-
tion relative to WIKD?

Answer: The source is emitting at, = 106.1 MHz because you're hearing to WIKD even
though you set your radio to 88.1 MHz. Therefore the frequemu receive is red-shifted
(v = 88.1 MHz) which means you are traveling away from the source (erdburce is
receding from you), so that this is a Doppler shift problerthwi= 0° andcos # = 1 giving

vo VIZE L J0+p)(1-p) -3
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Zy = 15
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(45 = 1-5
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(e () = 1oy
5 - L — (v/w)* _ 1-(88.1/106.1)* _ 0,184

1+ (v/v)? 1+ (88.1/106.1)2
so the person is traveling at 0.184 times the speed of ligletydrom station WIKD.

4. Which carries more energy: a kilogram of gasoline, a kdogof TNT or dynamite (which
releases about 15 MJ per kg), or a 200 micrometer diameterafravater if all of its mass
could be converted into energy? (Hint: use Wikipedia to reimyourself of the heat of
combustion).
Answer: From wikipedia, the heat of combustion of gasoline is ab&uMd/kg (using the
LHV value). Gasoline carriemore energy per mass than TNT does; it’s just that TNT
“burns” so quickly that we call it an explosion. A 1 micrometBameter drop of water has
a mass of

1g. ,10%cm

kg
. 3. — -9
) ) (1039) 4.2 x 10~° kg

4
m=Vp= gﬂ(IOO x 1075 meters® - (

so it carries & = mc? energy equivalent of
E=mc® = (4.2 x 1077Kkg) - (3 x 10* m/g)? = 3.8 x 10* Joules= 380 MJ
so the water drop carries the most energy if one could tuthalénergy into mass.

5. In a quest to win either a Darwin Award or a Nobel Prize, yeaide that you want to build
a particle accelerator in your dorm. You use unshieldediteal®to hook up an accelerating
voltage of 200 kiloVolts, and also build a 0.2 Telsa magnetgisoldered paper clips for the
windings. If it is an electron that you accelerate, what sskinetic energy? Momentum?
Radius of curvature in the magnetic field?



Answer: The energy given to an electrong¥” so its kinetic energy is 200 keV and the rest
mass of an electron is 511 ke¥/or 9.11 x 1073 kg. We can find the momentum from

E, 200 keV
E, = (y—1mc = =14+ = =1
eo= (y = Dme V=Lt e 511 keV

yo= 1=/ = 1= =1/
= 8 = J1-1/42=/1-1/(1.3912) = 0.695
p = ymv =ypmc’/c= (1.391)(0.695)(511 keV)/c = 494 keV/c.

= 1.391

The radius of curvature is found from setting the Lorentzéoequal to the centripetal force
needed to maintain uniform circular motion:

U2

quB = 7m7
. ymu? _ymw
quB qB
ymfc _ (1.39)(9.11 x 1073 kg)(0.695)(3.00 x 10® m/s) 894 %103 m
qB (1.602 x 1019 C)(0.2 T)

or 8.24 mm.

. The LHC at CERN will accelerate protons up to an energy @&V, or7 x 10'2 eV. Calculate
the momentum of such a proton. How different from the spedujbf is its velocity?
Answer: Since protons have a mass of 0.9383 GéyVand the protons receive a kinetic
energy of 7,000 GeV, the Lorentz factoris= 1 + E/E, = 1 + 7000/.9383 = 7461. This
means that will be very near 1, so let’'s say thgt= 1 — ¢ wheree is small. We then have

o= == =1 - (1 -2+ )]V = [2¢] 72
Thuse = 1/(2v%) =1/(2-7461%) = 9.0 x 10~

sof =1-—9.0 x 1072, or very nearly 1. Now for momentum, we know that= ymv =
~m/c but sinces is so nearly 1 we can say that

p = yme = 7461 - (0.9383 GeV/c?) - ¢ = 7000 GeV/c = 7 TeV/ec.

That is, wheny is very large we approach the case where E/c (and remember that for
photong = F/c is exact).

. Radiation pressure can be described using the momentamlodton. Use conservation of
momentum to derive an expression for the acceleratioha massn that has absorbedy
photons of energyy = hr each over a time.

Answer: | think it's better to write “per time” ag\t instead of, and the increment of photons
asAN. Let's do so. Beforehand we have the object with masat rest, and an incident
photon with energyy = hr and momentump = E/c = hr/c. Afterwards the photon has
been absorbed so that it has no momentum, and the mass haedeaikof the momentum.
Because&” = ma = dp/dt, we can say that the mass receives an acceleration of

a_dp/dt_ Ap  hv/c
m Atm Atm
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10.

per photon, or an acceleration of

_hw AN b AN

me At mA At
for a flux of AN photons per time intervalt. By the way, for a perfect reflector the
acceleration is nearly twice that. Why nearly? Because tioegm that bounces back is

red-shifted due to the energy transfer to the mass. The liéddsstery very small and can
usually be ignored.

Use your results from the previous problem to calculagesitceleration you might experi-
ence in a solar sailing race. Let’s say that you, your spdgell;5and your absorptive solar
sail together weigh 1000 kg. Let’'s assume that your solarssaisquare 2 km on a side, that
it's absorptive, that it's facing dead-on to the sun, and tha sun’s output of 1366 W/fris

all visible light (A = 500 nm).

Answer: We know the acceleration for a given number of photons pee.tith the Sun’s
output is all ath = 500 nm with an energy per photon & = hv = he/\ with he = 1240
eV-nm, we can convert the power per square méteimes the sail areal, along with the
E = he/ X energy per photons to find the number of photons per sedd¥idA¢ on the sail
as

AN A
— = PA—
At hc
Joules 1 photon 1eVv
= (1366 - (2000 m)? - -
( m?2 - sec> ( ) ((1240 eV-nm)/(500 nm)) (1.6 x 10719 Jouleg

or AN/At = 1.4 x 10® photons per second. Now use this in our earlier result foelaca-
tion:
h AN h A PA
SRR pPA- ==
mA At
6.63 x 10734 Joules sec

hoton
— (1.4 % 102 PREOIS g
(1000 kg) - (500 x 10— meters (1410 sec % 0.019

m\ T he  me
meters
seé

which is a very small, but non-zero, acceleration.

Calculate the peak output wavelength for an object heatademperature af0® K.
Answer: The peak wavelength is

he 1240 eV - nm

Apeak = = =289 nm
Pk T 4 965k T 4.965 - (8.62 x 1075 eV/K) - (105 K)

which is in the ultraviolet.

Calculate the number of photons per second emitted by adover Bluetooth radio trans-
mitter (1 mW at 2.4 GHz).
Answer: The energy per photon is

E = hv = (6.63 x 107** Joule- seq - (2.4 x 10 sec!) = 1.6 x 10~** Joules/photon
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The number of photons per second is then

1073 Joules/sec
= 6.3 x 10%° photons/sec
1.6 x 10—2* Joules/photon % P

soit’'s no wonder that nobody ever noticed individual phstomming out of radio transmitters



