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Answer to Chapter Opening Question ? 
The smallest detail visible in an image is comparable to the wave
length used to make the image. Electrtm can easily be given a 
large momentum p and hence a shent wavelength A = hlp, and so 
can be used to resolve extremely fine details. (See Section 39.4.) 

Answers to Test Your Understanding Questions 
H.I Answer: (i) FromExamp1e39.1,thespcedofaparticieisv = 

h/Am and the lrinetic energy is K - !mvl 
- (m/2) (h/Am)l -

hl /2A'Lm. This shows that for • given wavelength, the lrinetic 
energy is inversely proportional to the mus. Hence the proton, 
with a smaller mass, Iw more kinetic energy than the neutron. 
B.2 ADSWer. DO The energy of a photon is E = hJ, and the fre
quency of a photon is f = cIA. Hence E = he/A and A = hc/E = 
(4.136 X 10-1S eV' s) X (2.998 X lo'm/s)/(S4 eV) = 2.3 X 
10-1 m. This is more than 100 t.imcII greater than the wavelength 
of an electron of the same energy. While both photons and elec-

Irons have wavelike propcrtiel!, they have diffeIent relationships 
between their energy and momentum and hence between their fre
quency and wavelength. 
H.3 AmI"er: (I) md (lB.) (tie), (Ii) and (h') (tie) Acconting to 
the HeisenbeIg uncertainty principIe. the smaUer the uncertainty 
ax in the x-coanlinate, the greater the uncertainty Il.A in the x
momentum. The relationship between ax and Il.pz does not depend 
on the IIIBlIS of the particle, and so is the Ii8IIlC for a proton as for an -1!1.5 AIlI"er: no Equation (39.25) represents a supe1pOsition of 
wave functions with different values of wave number k and hence 
diffeR:nt values of energy E = fl'lk'l/'1m.. The state that thia cam.
bhled wave function represents is not a state of definite energy, and 

theMfoIe not a stationary state. Another way to see this is to note 
that the time-dependent wave function 1I'(x. t) would include a 
factor e-iEt/A inside the integral in Eq. (39.25), with a diffCIent 
value of E for each value of k. This wave function the£eforc has a 
very complicakd time drpcrvlcnce, and the pmbshility distribution 
ftmction 11Jr(x, t) 12 does depend on time. 

PROBLEMS For instructor-assigned homework, go to _masteringphysia.com is 
Discussion Questions 
en .. l. In attempting to reconcile the wave and particle models of 
light, some )Xq)le have suggested that the photon rides up and 
down em. the crests and troughs of the electromagnetic wave. What 
thlngs are wrong with this deacriptioD.? 
QH~ H a proton and an electron have the same speed. which has 
the longer de Broglie wavelength? Explain. 
CPtJi. H a proton and an electron have the same kinetic energy, 
which has the longer de Broglie wavelength? Explain. 
enlA. Does a photon have a de Broglie wavelength? H so, how is 
it rela1ed to the wavelength of the associated electromagnetic 
wave? Explain. 
QH.5. When an electron beam goes through a vecy small hole, it 
produces a diffraction patt:c:m on a screen, just like that of light. 

Does this mean that an electron spreads out as it goes through the 
hole? What does this pattern mean? 
en, ... You have been asked to design a magnet system to steer a 
beam of !'l4-eV electrons like those described in Example 39.2 
(Section 39.2). The goal is to be able to direct the electron beam to 
a specific target locaticm. with an accuracy of ± 1.0 mm. In your 
design, do you need to take the wave nature of elect:rons into 
account? Explain. 
CPt.7. The upper half of the electron diffraction patlUn shown in 
Fig. 39.6 is the miIror image of the lower half of the pattrm. Would 
it be comx:t to say that the upper half of the pattern is caused by 
electrons that pass through the upper half of the slit? Explain. 
en,... A perticular electron in the experimental setup shown in 
Fig. 39.6 lands on the photographic film a distance x above the 

center of the pattern. Given the value of x, is it posable to calculate 
the precise trajectory that the electron followed? Explain. 
QJt.t. Does the uncertainty principle have anything to do with 
marbmanship? That is, is the accuracy with which a bullet can be 
aimed at a target limited by the uncertainty principle? Explain. 
QH.1O. Suppose a two-slit interfereru:e experiment is carried out 
using an electron beam. Would the same interference pattern rcsult 
if one slit at a time is uncovered instead of both at once? If not, 
why not? Doem't each elcctron go through one slit or the other? 
Or does every electron go through both slits? Discuss the latter 
possibility in light of the principle of complcmentarity. 
QJt.1I. Equation (39.13) states that the C!lQ8Y of a system can 
have uncertainty. Does this mean that the principle of conservation 
of enClllY is no longer valid? Explain. 
QH.U l.aset" light rmUtlI from transitions from long-lived 
mewtahle states. Why is it more :monochnmWic than onIinary 
light? 
QJt.15. Could an electron-diffraction experiment be carried out 
using three or four slits? Using a grating with many slits? What 
sart of results would you expect with a grating? Would the uncer
tainty principle be violated? Explain. 
QH.14. All the lower half of Fig. 39.!'l shaWl!, the diffraction pat
tern. made by electrons that pass through aluminum foil is a serle! 
of C<mCCII.tric rings. But if the aluminum foil is n:placed by a single 
crystal of aluminum, only certain points on these rings appear in 
the pattern. Explain. 
QJt.15. Why can an electron microscope have greater magnifica
tion than an ordinary microscope? 
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Q31.11. If quantummechanics replaces the language of Newtonian 
mecllanics, why don't we have to use wave functions to describe 
the motion of IIl8Croscopic bodies such as baseballs and cars? 
Q31.I7. A student relIWb that the relationship of ray optics to the 
more general wave picture is analogous to the relationship of New
tonian mechanics, with well-defined particle trajectories, to quan
tum mechanics. Comment on this remark. 
Q31.11. As Eq. (39.14) indicates, the time-dependent wave func
tion for a stationary state :is a complex number having a real part 
and an imaginary part. How can this function have any physical 
meaning, smoc part of it is imaginary? 
Q31.11. When you check the air pressure in a tire, a little air always 
escapes; the process of making the measurement changes the qwm
tity being measured. Think. of other examples of measurements that 
change or disturb the quantity being measured. 
QH.20. Why must the wave function of a particle be normalized? 
Q31.2I. If a particle :is in a stationary state, does that mean that the 
particle :is not moving? If a particle moves in empty space with 
constant momentum p and hence constant eneIBY E = plJ'bn. is it 
in a stationary state? Explain your ansWCfll. 
QH.21 Some lasCfll emit light in pulses that arc only 10-11 sin 
duration. The length of such a pulse is (3 X 101 m/s)(10-12 s) -
3 X 10-4 m - 0.3 mm. Can pulsed laser light be as monochro
matic as light from a lascr that emits a steady, continuous beam? 
Explain. 

Exercises 
Section 39.1 De Broglie Waves 
31.1. (a) An electron moves with a speed of 4.70 X 1()'i m/s. What 
is its de Broglie wavelength? (b) A proton moves with the same 
speed. Determine its de Broglie wavclcngth. 
31.2. For Cl}'8tal diffraction experiments (discussed in Sec
tion 39.2), wavelengths on the order of 0.20 run are often appropri
ate. F'md the energy in electron volts for a particle with this 
wavelength if the particle:is (a) a photon; (b) an eloctron; (c) an 
alpha particle (m = 6.64 X lO-71 kg). 
31.!. An clcctron has a de Broglie wavelength of 2.80 X 10-10 m. 
Determine (a) the magnitude of its momentum and (b) its kinetic 
cmcqJy (injoulcs and in eleclron volts). 
31.4. Wavelength of an Alpha Partide. An alpha particle 
(m = 6.64 X 10-71 kg) emitted in the radiOBCtive decay ofuranium-
238 has an eneIBY of 4.20 MeV. What is its de Broglie wave
longth? 
lI.5. In the Bohr modcl of the hydrogen atom, what:is the de Broglie 
wavelength for the electron when it is in (a) the n = 1 level and 
(b) the n = 4 level? In each case, compare the de Broglie wave
length to the circumference 21fr" of the orbit. 
31.6. (a) A nonrelativistic free particle with mass m has kinetic 
energy K. Derive an expression for the de Broglie wavelength of 
the particle in terms of m and K. (b) What:is the de Broglie wave
length of an 800-eV electron'? 
31.7. Why Don't We Diftrad? (a) Calculate the de Broglie 
wavelength of a typical person walking through a doorway. Make 
reasonable approximations for the necessary quantities. (b) Will 
the person in part (a) exhibit wave-like behavior when walking 
through the "single slit" of a doorway? Why? 
31.1. What is the de Broglie wavelcmgth for an clectron with speed 
(a) v = 0.48Oc and (b) v = 0.96Oc? (Hint: Usc the coacct rela
tivistic expression for linear momcmtum if necessary.) 
31. •• (a) If a photon and an eleclron each have the same energy of 
20.0 eV, find the wavelength of each. (b) If a photon and an clcctron 

each have the same wavelength of 250 run, find the energy of each. 
(c) You want to study an organic molecule that :is about 250 run 
long using either a photon or an clcctron micro!lCOpC. Approxi
mately what wavelength should you use, and which probe, the elec
tron or the photon, is likely to damage the molecule the least? 
D.lo. Hydrogen gas (H2 ) is at {f'C. The mass of a hydrogen atom 
is 1.67 X 10-71 kg. (a) What is the average de Broglie wavelength 
of the hydrogen molecules? (b) How fllSt would an clectron have 
to move to have the same de Broglie wavelength lIS the hydrogen? 
Do we need to consider relativity for this clectron? (c) What 

would be the energy of a photon having the same wavelength as 
the H:z molocules and the electrons? Compare it to the kinetic 
energy of the hydrogen molecule in part (a) and the cloctron in 
put (b). 
H.Il. WaTelength of a Ballet. Calculate the de Broglie wave
length of a 5.00-g bullet that:is moving at 340 m/s. Will the bullet 
exhibit wavelike properties'? 

Section 39.2 Electron Diffraction 
31.12. Through what potential di:ffcrcnce must electrons be acceler
ated so they will have (a) the same wavelength as an x ray of wave
length 0.150 run and (b) the same energy as the x ray in part (a)? 
31.11 (a) Approximatcl.y how fast Ihould an electron move so it 
has a wavelength that makes it useful to mellSure the distance 
between adjacent atoms in typical crystals (about 0.10 run)? 
(b) What is the kinetic cmc£gy of the electron in part (a)? (c) What 
would be the energy of a photon of the same wavelength as the 
electron in part (b)? (d) Which would m.akc a more effective probe 
of small-scale structo:res, electrons or photons? Why? 
H.I'" A beam of electrons is accelerated from rest through a 
potential difference of 0.1 00 kV and then passes through a thin slit. 
The diffracted beam shows its first diffraction minima at ± 11.50 

from the original direction of the beam when viewed far from the 
slit. (a) Do we need to U!IC relativity formulas? How do you know? 
(b) How wide :is the slit? 
H.I!. A beam of neutrons that aU have the same energy scatters 
from the atoms that have a spacing of 0.0910 run in the surface 
plane of a Cl}'8tal. The m = 1 intensity maximum occurs when the 
angle (} in Hg. 39.3 is 28.6°. What:is the kinetic energy (in electron 
volts) of each neutron in the beam? 
H.II. A beam of 188-eV electrons:is directed at normal incidence 
onto a crystal surface as shown in Fig. 39.4b. The m - 2 intcmsity 
maximum occurs at an angle (} = 60.6°. (a) What is the spacing 
between adjacent atoms on the surface? (b) At what other angle or 
anglcs :is there an :intensity maximrun? (c) For what clcctron 
energy (in eleclron vohs) would the 1ft - 1 intensity maximum 
occur at (j - 6O.6°? For this energy, :is then: an m - 2 intcmsity 
maximum? Explain. 
D.I7. A CD-ROM :is used instead of a crystal in an cloctron
diffraction experiment like that shown in FIg. 39.3. The surface of 
the CD-ROM has tracks of tiny pits with a uniform spacing of 
1.60p.m. (a) If the spcedofthe elcctrnns is 1.26 X lQ4/s, at which 
values of (J will the m - 1 and m - 2 intensity maxima appear? 
(b) The scattered cloctroo8 in these maxima strike at normal. inci
dence a piece of photographic film that is SO.O em from the CO
ROM. What:is the spacing on the:film between these maxima? 

Section 39.3 Probability and Uncertainty 
D.I1. Apesky l.S-mg mosquito is annoying you as you attempt to 
study Plyllics in your nxm, which is S.O m wide and 2.5 m high. You 
decide to swat the bothersome insect as it fties toward you, but you 
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