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4 8 2 4 4 2

2 2

(5.67 10 W/m K )(293 K) 418 W/m

(418 W/m )(1.72 m ) 719 W

I T

P IA

σ −= = × ⋅ =

= = =
 

 
Thus the net power radiated by a person is about 150 W. 

 
21. 4 8 2 4 5 2(5.67 10  W/m K )(1750 K) 5.32 10  W/mI Tσ −= = × ⋅ = ×  
 

2 5 2 3 2( ) (5.32 10  W/m ) (0.62 10  m) 0.64 WP IA I rπ π −= = = × × =  
 
22. This small wavelength interval can be treated as a differential dλ.  At T = 1546 K, 

5(8.6174 10 eV/K)(1546 K) 0.1332 eVkT −= × = .  From Equation 3.39 we obtain 
2

5 /

34 8 2 9
2

9 5 (1240eV nm)/(932 nm)(0.1332 eV)

2 1( )
1

2 (6.626 10  J s)(2.998 10  m/s) (1.74 10  m) 42.5 W/m
(932 10  m) ( 1)

hc kT

hcdI I d d
e

e

λ

πλ λ λ
λ

π − −

− ⋅

= =
−

× ⋅ × ×
= =

× −

 

 
23. (a)  We consider an interval of width dλ = 2.0 nm at a central wavelength of 531.0 nm.  

At T = 6000 K, 5(8.6174 10 eV/K)(6000 K) 0.517 eVkT −= × = .  The intensity in this 
interval is 

 
2

5 /

34 8 2 9
5 2

9 5 (1240eV nm)/(531.0 nm)(0.517 eV)

2 1( )
1

2 (6.626 10  J s)(2.998 10  m/s) (2.0 10 m) 1.96 10  W/m
(531.0 10  m) ( 1)

hc kT

hcdI I d d
e

e

λ

πλ λ λ
λ

π − −

− ⋅

= =
−

× ⋅ × ×
= = ×

× −

 

 
(b)  The total radiant intensity emitted by the Sun is 

 
4 8 2 4 4 7 2(5.67 10  W/m K )(6000 K) 7.35 10 W/mI Tσ −= = × ⋅ = ×  

 
The fraction is then 

 
5 2

7 2

1.96 10 W/m 0.0027 0.27%
7.35 10 W/m

×
= =

×
 

 
 
24. 2 2 2 2 2 2 4

e e( ) ( 2 cos )E m c E c p pp p m cθ′ ′ ′+ − = − + +  
 

2 2 2 4 2 2 2 2 2 2 2 2 4
e e e e2 2 2 2 cosE E m c Em c EE E m c c p c pp c p m cθ′ ′ ′ ′ ′+ + + − − = − + +  

 
 With 2 2 2 2 2 2and ,E c p E c p′ ′= =  



Chapter 3 Page 7 
 

  
2 2

e e

2
e

2
e

cos

( ) (1 cos )

1 1 1 (1 cos )

Em c EE E m c EE

m c E E EE

E E
EE E E m c

θ

θ

θ

′ ′ ′− − = −

′ ′− = −

′−
= − = −

′ ′

 

 

25. (a) 1
2

e

1 1 1 cos 1 1 cos 62.9 0.08940 keV
11.32 keV 511.0 keVE E m c

θ −− − °
= + = + =
′

 

 
so 11/ 0.08727 keV 11.19 keVE −′ = = . 

 
(b) 2

e e e 11.32 keV 11.19 keV 0.13 keVK E m c E E′= − = − = − =  
 
26. (a) e( / )(1 cos )h m cλ λ θ′ = + −  
 
      0.02218 nm (0.002426 nm)(1 cos90 ) 0.02461 nm= + − ° =  
 

(b) The momenta of the incident and scattered photons are 
   

4

4

1 1 1240 eV nm 5.591 10 eV/ ( direction)
0.02218 nm

1 1 1240 eV nm 5.039 10 eV/ ( direction)
0.02461 nm

h hcp c x
c c

h hcp c y
c c

λ λ

λ λ

⋅
= = = = ×

⋅′ = = = = ×

 

 
(c) 4 4 3

e 5.591 10 eV 5.039 10 eV 5.52 10 eVK E E cp cp′ ′= − = − = × − × = ×  
 

(d)  Because momentum must be conserved, the x component of the electron’s 
momentum must equal p, and the y component must equal p′− : 

  
4 4

e e5.591 10 eV/ and 5.039 10 eV/x yp p c p p c′= = × = − = − ×  
 

  2 2 4 2 4 2 4
e e e (5.591 10 eV/ ) (5.039 10 eV/ ) 7.527 10 eV/x yp p p c c c= + = × + × = ×  

in the direction given by 
4

e1 1
4

e

5.039 10 eV/tan tan 42.0
5.591 10 eV/

y

x

p c
p c

θ − − − ×
= = = − °

×
 

 

27. When θ = 180°, cos θ = −1 and 2
e

1 1 2
E E m c

= +
′

, so 



Chapter 3 Page 8 
 

2 2 2
2e e e

e2 2
e e

0.25 MeV when
2 2 / 2

Em c m c m cE E m c
E m c m c E

′ = = ≅ = >>
+ +

 

 

28. (a)  1
2

e

1 1 1 cos 1 1 cos52.2 2.268 MeV
0.662 MeV 0.511 MeVE E m c

θ −− − °
= + = + =
′

 

 
  so 11/ 2.268 MeV 0.441 MeVE −′ = = . 
 

(b)  e 0.662 MeV 0.441 MeV 0.221 MeVK E E′= − = − =  
 

29. 

  
Applying the law of cosines gives 
 

 
2 2 2

2 2
2 cos

1 /
mv h h h h
v c

θ
λ λ λ λ

        = + −        ′ ′      − 
  

 
(b) Applying energy conservation gives 
 

 
2

2

2 21 /
hc hc mcmc

v cλ λ
+ = +

′ −
  

 
(c) We first solve the energy equation for v2: 
 

 
2

2 2/ 1 1h hv c
mc mcλ λ

−
 = − − + ′ 

  

 
Substituting this result into the momentum equation then leads to Eq. 3.47. 

 
30. The energy of the original photon can be found from the sum of the energies of the 

scattered electron and photon: 
 
 e 2.302 MeV 0.239 MeV 2.541 MeVE E K′= + = + =   
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2 2 2
2e e e

e2 2
e e

0.25 MeV when
2 2 / 2

Em c m c m cE E m c
E m c m c E

′ = = ≅ = >>
+ +

 

 

28. (a)  1
2

e

1 1 1 cos 1 1 cos52.2 2.268 MeV
0.662 MeV 0.511 MeVE E m c

θ −− − °
= + = + =
′

 

 
  so 11/ 2.268 MeV 0.441 MeVE −′ = = . 
 

(b)  e 0.662 MeV 0.441 MeV 0.221 MeVK E E′= − = − =  
 

29. 

  
Applying the law of cosines gives 
 

 
2 2 2

2 2
2 cos

1 /
mv h h h h
v c

θ
λ λ λ λ

        = + −        ′ ′      − 
  

 
(b) Applying energy conservation gives 
 

 
2

2

2 21 /
hc hc mcmc

v cλ λ
+ = +

′ −
  

 
(c) We first solve the energy equation for v2: 
 

 
2

2 2/ 1 1h hv c
mc mcλ λ

−
 = − − + ′ 

  

 
Substituting this result into the momentum equation then leads to Eq. 3.47. 

 
30. The energy of the original photon can be found from the sum of the energies of the 

scattered electron and photon: 
 
 e 2.302 MeV 0.239 MeV 2.541 MeVE E K′= + = + =   
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The scattering angle can be found from Eq. 3.46: 
 

 2 1 1 1 11 cos (0.511 MeV) 1.937
0.239 MeV 2.541 MeV

mc
E E

θ
  − = − = − =  ′   

  

 
from which  
 1cos ( 0.937) 160θ −= − = °   
 

31. The initial momentum of the atom is zero, so conservation of momentum requires that the 
total final momentum of the atom and the photon also must equal zero.  Thus the recoil 
momentum of the atom patom and the momentum p of the photon must be equal in 
magnitude and opposite in direction.  The photon momentum is 

 

  469 keV 6.9 10  eV/Ep c
c c

= = = ×  
  

The recoil momentum of the atom is therefore 4
atom 6.9 10  eV/p c= × .  The kinetic energy 

associated with this momentum is certainly going to be far smaller than the atom’s rest 
energy (the mass of a gold atom is about 197 u, and thus its rest energy is in the range of 
200,000 MeV).  We are therefore safe in using nonrelativistic kinetic energy: 

 
2 2 2 4 2

2atom atom
atom 2

(6.9 10  eV) 1.3 10 eV
2 2 2(197 u)(931.5 MeV/u)
p p cK

m mc
−×

= = = = ×  

  
32. After acceleration through a potential difference of 47.5 10 VVD = × , the electrons lose a 

potential energy of 47.5 10 eVU q VD = D = × and thus gain a kinetic energy of the same 
amount.  From Equation 3.53, 

  

min 4

1240 eV nm 0.0165 nm
7.5 10 eV

hc
K

λ ⋅
= = =

×
 

 
33. The energy of the absorbed photon is 

 
1240 eV nm 2.92 eV

425 nm
hcE
λ

⋅
= = =  

 
Neglecting the small recoil kinetic energy of the atom, this is the amount by which the 
internal energy of the atom increases.  The energy of the emitted photon is 

 
1240 eV nm 1.93 eV

643 nm
hcE
λ

⋅
= = =  
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  (1.69 eV)(310 nm) (0.65 eV)(420 nm) 2.28 eV

420 nm 310 nm
φ −
= =

−
 

 
36. The photon’s momentum is / (1240 eV nm)/ (157 nm) 7.90 eV/p h c cλ= = ⋅ =  and its 

energy is 7.90 eV.  The work function of aluminum is 4.08 eV, so the maximum kinetic 
energy of the photoelectron is 7.90 eV – 4.08 eV = 3.82 eV.  The momentum of the 
electron is 

21 12 2 2(511,000 eV)(3.82 eV) 1976 eV/p mK mc K c
c c

= = = =  
 

Conservation of momentum requires that photon atom electronp p p= − , taking the initial 
direction of the photon as positive.  Thus 

 
atom photon electron

2 2 2
5atom

atom 2 6
atom

7.90 eV/ 1976 eV/ 1984 eV/

(1984 eV) 6.18 10 eV
2 2(26.98 u)(931.5 10 eV/u)

p p p c c c

c pK
m c

−

= + = + =

= = = ×
×

 

 
This energy is negligible compared with the energy of the electron.  The relatively heavy 
atom can take the recoil momentum at very little cost in energy. 

  
37. (a)  At T = 1325 K, 

3 3

max
2.898 10  m K 2.898 10  m K 2.19 m

1325 KT
λ m

− −× ⋅ × ⋅
= = =  

 

(b) 3 5
max

1240 eV nm 4.9655
(2.898 10 m K)(8.617 10 eV/K)

hc
kTλ − −

⋅
= =

× ⋅ ×
 

 
Comparing I(2λmax) with I(λmax), we obtain 

 

   
max

max

/5 4.9655
max max

/ 25 4.9655/ 2
max max

(2 ) ( ) 1 1 1 0.405
( ) (2 ) 1 32 1

hc kT

hc kT

I e e
I e e

λ

λ

λ λ
λ λ

   − −
= = =   − −  

 

 
38. Ke is largest when E′ is smallest (because eK E E′= − ) and thus when 1/E′ is largest, 

which occurs when cos θ = −1 (that is, when θ = 180°). 
  



Chapter 3 Page 12 
 

  

2 2
e e

2 2 2
e e e

2 2
e

e 2 2
e e

1 1 2 2 so
2

2
2 2

m c E Em cE
E E m c Em c m c E

Em c EK E E E
m c E m c E

+ ′= + = =
′ +

′= − = − =
+ +

 

 

39. With
2

5 /

2 1( )
1hc kT

hcdI I d d
e λ

πλ λ λ
λ

= =
−

, we solve to get 
2

/
5

21hc kT hc de
dI

λ π λ
λ

= +  and 

solving for T then gives 
 

2

5

7

34 8 2 2
5

2 5 7 2

2ln 1

(1240 eV nm)(10 cm/nm)
2 (6.626 10 J s)(2.997 10 m/s) (0.00833 10 m)(0.133 cm)(8.617 10 eV/K)ln 1+

(0.133 10 m) (1.440 10 W/m )
2.724 K

hcT
hc dk

dI
π λλ
λ

π

−

− −
−

− −

=
 
+ 

 
⋅

=
 × ⋅ × ×

×  × × 
=

 

 
40. The radiation intensity per unit wavelength interval is I(λ).  The peak wavelength can be 

found from Wien’s displacement law: 
 

3
3

max
2.8978 10 m K 1.0634 10 m

2.7250 K
λ

−
−× ⋅

= = ×  

  
It is convenient for this calculation to evaluate the quantity /hc kTλ , using Wien’s law to 
substitute for the product Tλ : 

 
9

5 3

(1240 eV nm)(10 m/nm) 4.9659
(8.617 10 eV/K)(2.8978 10 m K)

hc
kTλ

−

− −

⋅
= =

× × ⋅
 

 
 and thus / 143.44hc kTe λ = .  The intensity at this temperature and wavelength is 
 

  
2 34 8 2

3 3
5 / 3 5

2 1 2 (6.626 10 J s)(2.997 10 m/s)( ) 1.9306 10 W/m
1 (1.0634 10 m) (143.44 1)hc kT

hcI
e λ

π πλ
λ

−
−

−

× ⋅ ×
= = = ×

− × −
 

 
 The change in intensity corresponding to a small temperature difference is 
 

2 / /

5 / 2 2 / 2

5
3 3 8 3

2 ( )
( 1) 1

143.44 2 10(1.9306 10 W/m ) (4.9659) 7.1 10 W/m
142.44 2.7250

hc kT hc kT

hc kT hc kT

dI hc e hc e hcI T T R T
dT e kT e kT

λ λ

λ λ

π λ
λ λ λ

−
− −

   D = D = D = D   − −   

× = × = × 
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5
initial

5

1 1 1240 eV nm 2.02 10 eV/
0.00613 nm

1 1 1240 eV nm 1.13 10 eV/ in negative direction
0.01098 nm

hcp c p
c c

hcp c
c c

λ

λ

⋅
= = = × =

⋅′ = = = ×
′

 

 
With final e initial finaland  p p p p p′= − = , we have 

 
5 5 5

e 2.02 10 eV/ 1.13 10  eV/ 2.15 10 eV/p p p c c c′= + = × + × = ×  
 

43. The initial speed of the atom can be expressed as v = c(125.0 m/s)/(2.997 × 108 m/s) =  
4.171 × 10−7c.  The initial momentum (which is nonrelativistic at this low speed) is 

 

 2 6 7
i

1 1 (1.007825 u)(931.5 10 eV/u)(4.171 10 ) 391.6 eV/vp mv mc c
c c c

−= = = × × =  
 

The photon momentum, which is in the opposite direction, has magnitude  
 

1 1 1240 eV nm 12.8 eV/
97 nm

hcp c
c cλ

⋅
= = =  

 
The atom’s final momentum is f i 391.6 eV/ 12.8 eV/ 378.8 eV/p p p c c c= − = − =  and its 
speed is 

 

  7f f
f 2 6

378.8 eV 4.035 10 120.9 m/s
(1.007825 u)(931.5 10  eV/u)

p p cv c c c
m mc

−= = = = × =
×

 

 
So the change in the speed of the atom is 125.0 m/s − 120.9 m/s = 4.1 m/s. 

 
44. (a) From the equation for the Doppler shift (Eq. 2.22 converted from frequency to energy 

and evaluated for small speeds), (1 / )E E v c′ = + , we solve for v to find 
 

2.41 keV 0.0047
511 keV

E Ev c c c
E
′ − = = = 

 
 

 
 (b)  The speed of the electron is so small that we may safely use nonrelativistic equations: 
 

2
2 2 21 1 1

2 2 2 (511,000 eV)(0.0047) 5.6 eVvK mv mc
c

 = = = = 
 

 

 
 As we learn in Chapter 10, this is a very typical value for the electrons in a solid. 
 




