
PHY 251 Spring 2008: homework problem set 3, due Thursday, Feb. 21.

Serway problem 2.21
Answer: Conservation of energy gives

(EK + mec
2) + mec

2 = 2Eγ

because we go from an electron with kinetic energyEK and the mass-energy of the electron
plus the positron (same mass as electron) to two photons of identical energyEγ . Since
me = 511 keV/c2 we haveEγ = (1.000 + 0.511 + 0.511)/2 = 1.011 MeV. Note for the
electron we have

EK = (γ − 1)mec
2

γ = 1 +
Ek

mec2
= 1 +

1.000

0.511
= 2.957

from which we can findβ =
√

1 − 1/γ2 = 0.941. At the same time, conservation of
momentum gives

pe = 2pγ cos θ

γmev = 2
Eγ

c
cos θ

γβmec
2 = 2Eγ cos θ

cos θ =
γβmec

2

2Eγ

θ = cos−1
(γβmec

2

2Eγ

)

= cos−1
(2.957 · 0.941 · 0.511

2 · 1.011

)

= cos−1(0.703) = 45.3◦

Serway problem 2.23
Answer: The energy of the intial particle isE = mc2 or

E = (3.34 × 10−27) · (3 × 108)2
·

1 eV
1.602 × 10−19 J

= 1.88 × 109 eV

or E = 1.88 GeV. This goes into the total energy of two particles following the decay:

E = γ1m1c
2 + γ2m2c

2

The two particles fly off with equal and opposite momenta. We know β1 = .987 soγ1 =
6.22, andβ2 = .868 soγ2 = 2.01. We can then say

γ1m1c
2β1/c = γ2m2c

2β2/c

m1 = m2

γ2β2

γ1β1
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Substituting this into the expression for the total energy,we have

E = γ1m2c
2
γ2β2

γ1β1

+ γ2m2c
2

= γ2m2c
2
(

1 +
β2

β1

)

m2c
2 =

E

γ2(1 + β2/β1)
=

1.88 GeV
2.01 · (1 + .868/.987)

= 0.50 GeV

Now that we knowm2 we can findm1:

m1 = m2

γ2β2

γ1β1

= (0.50 GeV/c2)
2.01 · 0.868

6.22 · 0.987
= 0.14 GeV/c2

That is, 500 MeV/c2 and 140 MeV/c2.

Serway problem 2.27
Answer: The total energy supplied is

(1.20
J
s
) · (50 min) · (60

s
min

) = 3600 Joules

which has a mass equivalent in mks units of

m =
E

c2
=

3600

(2.99 × 108)2
= 4.03 × 10−14 kg

or (4.03 × 10−14)/0.025 = 1.61 × 10−12 as a fractional mass change. This mass change is
too small to be measured.

Serway problem 2.28
Answer: The total energy supplied is

(

1.2 Joules
sec

)

· (50.0 · 60 sec) = 3600 Joules.

The mass equivalent is found from∆E = (∆m)c2 to be

∆m =
∆E

c2
=

3600 Joules
(3.00 × 108 m/s)2

= 4.00 × 10−14 kg

which is a mass fraction of(4.00 × 10−14 kg)/(0.025 kg) = 1.6 × 10−12.

Serway problem 2.31
Answer: I mislead you on this one in recitation! We’ll see that there are two different Lorentz
factors involved; we’ll use subscripts to denote them by their velocities. Here are the steps
to our solution:
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1. In our frame, we saw momentaγmv before the collision of

p1 =
m(+u)

√

1 − (+u)2/c2

= γumu

p2 =
(m/3)(−u)

√

1 − (−u)2/c2

= −
1

3
γumu

where we realize that both momenta involve the same Lorentz factorγu. The net mo-
mentum in our frame before the collision is therefore

pbefore = p1 + p2 = (+1 −
1

3
)γumu =

2

3
γumu

where of courseγu is a simple function ofu. We also see a total energy of

Ebefore = E1 + E2 = γumc2 + γu

1

3
mc2 =

4

3
γumc2.

2. After the collision, in our frame we will see a momentumγu′Mu′ for the combined
massM , so we have

pbefore = pafter ⇒
2

3
γumu = γu′Mu′.

so if we can findu′ we can findM .

3. The problem now reduces to finding a frame shift velocityv that puts us into the center
of momentum frame before. Once in that frame, we realize thatM will have zero
velocity after so that frame shift velocity is precisely equal to the velocity we see for
M after the collision:v = u′.

4. Using the momentum transform relationshipp2 = γv(p1 − vE1/c
2) = 0, we have

p2 = 0 = pbefore, shifted = γv

(

pbefore − vEbefore/c
2
)

= γv

(

2

3
γumu − v

4

3
mc2/c2

)

= γvm
(

2

3
γuu −

4

3
v
)

giving
4

3
v =

2

3
γuu

or v =
1

2
γuu

or since we saidv = u′ we have

u′ =
1

2
γuu =

1

2

u
√

1 − u2/c2

from which in turn we find

u′2 =
1

4

u2

1 − u2/c2
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and

γu′ =
1

√

1 − u′2/c2

= grunge

5. Now we return to step 2 where we found

2

3
γumu = γu′Mu′ = γu′M

1

2
γuu

2

3
m = γu′M

M =
2

3
m

1

γu′

=

Must grunge out the last bit of algebra.

Textbook gives an answer of

M =
2m

3

√

√

√

√

4 − (u2/c2)

1 − (u2/c2)

Serway problem 2.33
Answer: The energy added is

∆E = (1.79 × 1017 J/s) · (365 · 24 · 60 · 60 s) = 5.64 × 1024 J

so the mass increase∆m would be

∆m =
∆E

c2
=

5.64 × 1024 J
(3.00 × 108 m/s)2

= 6.27 × 107 kg

or a fractional mass increase of(6.27 × 107)/(5.97 × 1024) = 1.05 × 10−17.

Serway problem 3.6
Answer: The Planck length is

(hG

c3

)
1

2 =
((6.626 × 10−34 kg · m2/s) · (6.673 × 10−11m3/kg2/s2)

(2.998 × 108 m/s)3
= 4.05 × 10−35 m

The Planck time works out to1.35 × 10−43 seconds, and the Planck mass works out to
5.46 × 10−8 kg. These Planck scales turn out to provide natural scalingsfor theories of
quantum gravity (quantum mechanics plus general relativity).

Serway problem 3.8
Answer: The energies can be found fromE = hν (usingh = 4.136 × 10−15 eV · sec) to be

a) 2.07 eV for red visible light with a frequency of5 × 1014 Hz.

b) 4.1 × 10−5 eV for 10 GHz which is a microwave communications frequency.

4



c) 1.2×10−7 eV for 30 MHz which is at the low end of a VHF radio frequency band used
in communications.

Serway problem 3.12
Answer: The energy per photon isE = hc/λ so the photon flux isP/E or

10 J/s
hc/λ

=
10 J/s

[(1240 eV · nm)/(589.3 nm)] · (1.602 × 10−19 J/eV)
= 2.97 × 1019 photons/sec

Serway problem 3.14
Answer: We haveϕ = 2.24 eV, and

K = hν − ϕ =
hc

λ
− ϕ =

1240 eV · nm
350 nm

− 2.24 = 1.30 eV

and the cutoff wavelength (whereK is zero) is found from

hc

λ
= ϕ ⇒ λ =

hc

ϕ
=

1240 eV · nm
2.24 eV

= 554 nm

Serway problem 3.15
Answer: The cutoff wavelength is when the ejected electron has zero kinetic energy, giving
hf = hc/λ = ϕ or

λ =
hc

ϕ
=

1240 eV · nm
4.2 eV

= 295 nm.

If instead we have a wavelength of 200 nm, the kinetic energy of the electron would be given
by

Ek = hf − ϕ =
hc

λ
− ϕ =

1240 eV · nm
200 nm

− (4.2 eV) = 2.0 eV

so a 2.0 Volt potential will stop a 2.0 eV electron.

Serway problem 3.20
Answer: We can write the following equations, realizing that the work function is the same
in the two situations:

Ek,1 =
hc

λ
− ϕ

Ek,2 = 2
hc

λ
− ϕ.

If we subtract the first equation from the second, we haveEk,2 − Ek,1 = (hc)/λ or

λ =
hc

Ek,2 − Ek,1

.

We can then substitute this in the first equation and solve forthe work functionϕ:

ϕ =
hc

λ
− Ek,1 = hc

Ek,2 − Ek,1

hc
− Ek,1 = Ek,2 − 2Ek,1 = 4.00 − 2 · 1.00 = 2.00 eV.
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