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fast-moving electrons. exciting the atoms to the 5s level shown in 
Fig. 38.24e.. From tWa Ievcl the atoms tmnsition spontaneously to 
the 3p Ievcl and emit 632.8-nm photons in the process. The pho
tons escape out of the sides of the glass tube. This process is 
8po1ltlJMOlU emission, iIIi depicted in Fig. 38.23b. No population 
invenrion occurs and the photons are not trapped by mirrors as 
shown in Fig. 38.24b, so tbcrc is no stimulated emission. Hence 
there is no Iaaer action. 
31.7 Au"er: yes, DO Equation (38.23) shows that the wave
length shift 61 - A' - A depends only on the photon scattering 
angle tfi, not on the wavelength of the incident photon. So a visible
light photon scatlmcd through an angle tfi undergoes the same 
wavelength shift as an x-ray photon. Equation (38.23) also shows 
that this shift is of the order of h/mc - 2.426 X 10-12 m -
0.002426 run. This is a few percent of the wavelength of x rays 

(see Example 38.8), so the effect is noticeable in x-ray scattering. 
However, h/mc is a tiny fraction of the wavelength of visible light 
(between 400 and 700nm). The human eye cannot distinguish snch 
minnscule differences in wavelength (that is, differences in color). 
aB ADs"er: (a) yea, (b) yes The Planck: radiation law, 
Eq. (38.32), shows that an ideal blackbody emits radiation at all 
wavelengths: The spectral emittance l( A) is equal to zero only for 
1 = 0 and in the limit A -+ QO. SO a blackbody at 2000 K docs 
indeed emit both x :rays and radio waves. However, Fig. 38.31 
shows that the spectral emittance for this temperature is very low 
for wavelengths II1ILCh shorter than 1 pm. (including x mys) and for 
wavelengths much longer than a few pm. (including radio waves). 
Hence such a blackbody emits very little in the way of x rays or 
radio waves. 
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Discussion Questions 
Q31,1. In what ways do photons resemble other particles such as 
c1octrons? In what ways do they differ? Do photons have mass? 
Do they have electric charge? Can they be accelemted? What 
mochanical properties do they have? 
Q3I.1. There is a certain probability that a single electron may 
simultaneously absorb two identical photons from a high-intensity 
liIIiCI. How would such an occurrcncc affect the threshold fie
qucncy and the equations of Section 38.2? Explain. 
Q51.3. According to the photon model, light carries its energy in 
packets called quanta or photons. Why then don't we sec a saies 
of 8ashes when we look: at things? 
Q31,4. Would you expect effects due to the photon nature of light 
to be gcncrally mme important at the low-frcqumIcy end of the 
clcctromagnetic spoctnnn (radio waves) or at the high-frequency 
end (x:rays and gammamys)? Why? 
Q31,5. During the photoelectric effect, light knocks electrons out 
of metals. So why don't the metals in your home 1O&e their elec
trons when you tum on the lights? 
Q51.1. Most black-and-white photographic film (with the excep
tion of some spccial-puIpOse films) is less !Cllsitive to red light 
than blue light and has almost no sensitivity to infrared. How can 
these properties be understood on the basis of photons? 
Q3i1,1 Human skin is :rclati.vely insensitive to visible light. but 
ultraviolet radiation can cause severe bums. Does this have any
thing to do with photon energies? Explain. 
Q3i1.1. Explain why Fig. 38.4 shows that most photoelectrons 
have kinetic energies less than hf - tfi, and also explain how these 
smaller kinetic cmcqJies occur. 
Q51.1. Figure 38.5 shows that in a photoe1cctric-effect experi
ment, the photocurrent j for large positive values of V AC has the 
same value no matter what the light frequency! (provided that! is 
Irigh" tIum the _""'ld fnquenoy t.,). Explain why. 
Q3i1,la. In an experiment involving the photoelectric effect, if the 
~,;ty of lb. mcuJent light (bavmg frequency highe.- tIum the 
threshold frequency) is reduced by a factor of 10 without changing 
anything e1sc. which (if any) of the following statements about this 
process will be true? (a) The number of photoelectrons will most 
lik:e1y be reduced by a factor of 1 O. (b) The maximum kinetic 
energy of the ejected photoelect:ron8 will most likely be reduced by 

a factor of 10. (c) The maximum speed of the ejected photoelec
trons will most lik:ely be reduced by a factor of 10. (d) The maxi
mum speed of the ejected photoelectrons will most lik:ely be 
reduced by a factor of vTIL (e) The time for the first photoelec
tron to be ejected will be increased by a factor of 10. 
all. The n:uUerials called plwsphOT8 that coat the inside of a 
Huorcsccnt lamp convert ultraviolet radiation (from the mercury
vapor discharge inside the tube) into visible light. Could one also 
make a pho&phor that converts visible light to ultraviolet? Explain. 
Q31,12. In a photoelectric-effect experiment:. which of the follow
ing will increase the maximum kinetic energy of the photoelec
trons; (a) UIIC light of greater intensity; (b) usc light of higher 
frequency; (c) usc light oflongcr wavelength; (d) use a metal sur
face with a larger WOIk function. In cacb. case justify your ansWCl. 
Q31,13. Galaxies tend to be strong emitters of Lyman-a photons 
(from the 11 - 2 to 11 - I transition in atomic hydrogen). But the 
inteIgalactic modium-the very thin gas between the ga1.axi.cs
tends to a/norb Lyman-a photons. What can you infer from these 
observations about the tcm.pcmturc in these two euvironments? 
Explain. 
Q3i1,14. A doubly ionized lithium atom (Li ++) is one that has had 
two of its three electrons removed. The enf%8Y leve1s of the 
remaining single-electron ion arc closely related to tho9C of the 
hydrogen atom. The nuclear charge for lithium is + 3e instead of 
just +e. How are the energy levels related to those of hydrogen? 
How is the radilLJ of the ion in the ground level related to that of 
the hydrogen atom? Explain. 
QJI..,. The emission of a photon by an isolated atom is a recoil 
proceas in which DlOlIICD.bJm is conserved. Thus Eq. (38.6) should 
include a recoil kinetic energy K,; for the atom. Why is tWa energy 
negligible in that equation? 
Q3i1,11. How might the energy levels of an atom be IDCa8IlI'Cd 
direct1y-that is, without recourse to analysis of spectra? 
Q3i1.17. Elements in the gaseous state emit line spectra with well
defined wavelengths. But hot solid bodies always emit a continu
ous spcctrum-that is, a continuous smear of wavelengths. Can 
you account for this di:ffenmce? _,I. As a body is heated to a very high temperature and 
becomes self-luminous, the apparent color of the emitted radiation 
shifts from red to yellow and finally to blue iIIi the temperature 
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increases. Why does the color shift? What other changes in the 
character of the radiation occur? 
Q31.1I. The peak-intensity wavelength of red dwarf sIMI, which 
have surface temperatures around 3000 K, is about 1000 run, 
which is beyond the visible spectrum. So why arc we ah1c to sec 
these stars, and why do they appear red? 
Q!I.2O. A photon of froquenoy f _oc. """'--. 
from an electron at rest and scatlcr!l through an angle 41. The fre
quency of the scattered photon is f'. How is f' related to /? Does 
your answer depend on 41? Explain. 
QJI.l1. Can Compton scattering occur with protons as well as elec
trons? For example. SUpp09C a beam of x rays is directed at a target 
of Iiqujd hydrogen. (Recall that the nucleus ofhydrogcn consists of 
a single proton.) Compared to Compton scattering with elcctrons, 
what similarities and differences would you expect? Explain. 
QJI.ll. Why must engineers and scientists shield against x-ray 
productioo in high-voltage equipment? 

Exercises 
Section 38.2 The Photoelectric Effect 
51.1. The graph in F'J.gIIIC 38.34 shows the stopping potential as a 
functioo of the frequency of the incident light falling 00 a metal 
surface. (a) Fmd the photoclcctric work function for this metal. 
(b) What value of Planck's constant does the graph yield? (c) Why 
does the graph not exl:mJ.d below the x-axis? (d) If a different mctal 
were used, what characteristics of the gmph would you expect to 
be the same and which ones to be different? 

Figure 31.34 Exercise 38.1. 
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51.1 Relpmue of the EJe. The human eye is most sensitive to 
green light of wavelength 50s run. Experiments have found that 
when people arc kept in a dark room until their eyes ad.pt to the 
darkness, a single pbotoo. of green light will trigger receptor cells 
in the rods of the retina. (a) What is the frequency of this photon? 
(b) How much CDCIgy (injonlcs and clcctron volts) docs it dcliva: 
to the receptor cells? (c) to app!eCiate what a small amount of 
energy this is, calculate how faIIt a typical bacterium of mass 
9.5 X 10-12 g would move if it had that much CDCIlD'. 
:JI.l. A photon of green light has a wavclcngth of 520 run. F'md 
the photon's frequency. magnitude of momentum, and energy. 
Express the energy in both joules and electron volts. 
5IA. A laser used to weld dctacllcd retinas emits light with a 
wavelength of 652 run in pulses that are 20.0 ms in duratioo. The 
average power during each pulse is 0.600 W. (a) How much energy 
is in eachpulacinjouks?In clectron volts? (b) What is theencrgy 
of one photon injoules? In electron volts? (c) How many photons 
are in each pulsc? 
:sa.s. An excited nucleus emits a gamma-ray photoo. with an 
energy of2.45 MeV. (a) What is the photoo. frequency? (b) What is 
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the photon wavelength? (c) How does the wavelength COII1p8I'e 

with a typical nuclear diameter of 10-14 m? 
51.6. The photoelectric threshold wavelength of a tungsten surface 
is 272 run. Calculate the maximum kinetic energy of the elcctrons 
ejected from this tungsten surface by ultmviolct radiation of fm. 
qucncy 1.45 X lOl' Hz. Express the answer in electron volts. 
:11.7. A clean ni.ckcl sudace is exposed to light of wavclcngth 
235 run. What is the DUUimnm speed of the photoclcctrons emitted 
from this stnface? Usc Table 38.1. 
lI.I. What would the minimum work function for a mctal have to 
be for visible light (400-700 mn) to eject photoelectrons? 
:11.1. A 7S-W light source COU!lUIllCS 75 W of clect:rical power. 
AsSUlllC all this energy goes into emitted light of wavclcngth 
600 run. (a) Calculate the frequency of the emitted light. (b) How 
many photons per second docs the source emit? (c) Are the answers 
to puts (a) and (b) the same? Is the frequency of the light the same 
thing as the number of photons emitted per second? Explain. 
:11.10. In a photoelectric-effect experiment. the DUUimum kinetic 
energy of the ejected photoelectrons is measured for various wave
lengths of the incident light. Figure 38.35 shows a graph of this 
maximum kinetic energy. K....:.. as a functioo of the wavelength .\. 
of the light falling on the stnface of the metal. What are (a) the 
thIeshold frequency and (b) the work function (in clectron volts) 
for this metal? (c) Data from cxpcrimcnts like this are often 
graphed showing Kmu; as a function of 1/.\.. Make a qlllliitatiw: (no 
numbers) sketch of what this graph would look like. Identify the 
thIeshold wavelength (Ao) 00 your sketch. What advantages arc 
there to graphing the data this way? 

Figure 38.35 Exercise 38.10. 
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:11.11. (a) A proton is moving at a speed much slower than the 

speed of light. It has kinc:tic CIlCIgy Xl and momentum PI' If the 
momentum of the proton is doubled, so P1 - 2Jlt., how is its new 
kinetic energy Kl:related to KI? (b) A photon with energy EI has 
momentum Pl' H another photon hall momentum P'l that is twice 
Pl. how is the energy E2 of the second photon related to EI? 
:11.12. The photoelectric WOIk function of potassium is 2.3 eV. If 
light having a wavelength of 250 run falls on potassium, find 
(a) the stopping potential in volts; (b) the kinetic energy in clectron 
volts of the mo&t cncrgctic electrons ejected; (c) the speed of these -,. 
:11.13. When ultraviolet light with a wavelength of 254 run falls on 
a clean copper stnface, the stopping potential necessary to stop 
emission ofphotoelectrons is 0.181 V. (a) Wbatis the photoelectric 
thIeshold wavelength for this copper surface? (b) What is the work 
function for this surface, and how does your calcu1ated value com
pare with that given in Table 38.1? 
:11.14. A photon has DlOlIICntum of magnitude 8.24 X 10-lIIkg' 
m/s. (a) What is the energy of this photon? Give your answer in 
joules and in electron volts. (b) What is the wavelength of this pho
ton? In what region of the electromagnetic spectrum does it lie? 
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