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10 Figure 38-23 shows an electron moving (a) opposite an elec-
tric field, (b) in the same direction as an electric field, (c) in the
same direction as a magnetic field, and (d) perpendicular to a
magnetic field. For each situation, is the de Broglie wavelength of
the electron increasing, decreasing, or remaining the same?

gions where uniform electric potentials V have been set up. Rank
the three regions according to the de Broglie wavelength of the
electron there, greatest first.

15 The table gives relative values for three situations for the bar-
rier tunneling experiment of Figs. 38-16 and 38-17. Rank the situa-
tions according to the probability of the electron tunneling
through the barrier, greatest first.

Electron Barrier Barrier
Energy Height Thickness

(a) E 5E L

(b) E 17E L/2

(c) E 2E 2L

16 For three experiments, Fig. 38-25
gives the transmission coefficient T
for electron tunneling through a po-
tential barrier, plotted versus barrier
thickness L. The de Broglie wave-
lengths of the electrons are identical
in the three experiments. The only
difference in the physical setups is
the barrier heights Ub. Rank the
three experiments according to Ub,
greatest first.
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V2 = –200 V V3 = +100 V
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Figure 38-24 Question 14.
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Figure 38-25 Question 16.

••7 A light detector (your eye) has an area of 2.00 10 6 m2 and
absorbs 80% of the incident light, which is at wavelength 500 nm.
The detector faces an isotropic source, 3.00 m from the source. If
the detector absorbs photons at the rate of exactly 4.000 s 1, at
what power does the emitter emit light?

••8 The beam emerging from a 1.5 W argon laser (l 515 nm)
has a diameter d of 3.0 mm. The beam is focused by a lens system
with an effective focal length fL of 2.5 mm. The focused beam
strikes a totally absorbing screen, where it forms a circular
diffraction pattern whose central disk has a radius R given by
1.22fLl/d. It can be shown that 84% of the incident energy ends up
within this central disk. At what rate are photons absorbed by the
screen in the central disk of the diffraction pattern?

••9 A 100 W sodium lamp (l 589 nm) radiates energy uni-
formly in all directions. (a) At what rate are photons emitted by the
lamp? (b) At what distance from the lamp will a totally absorbing
screen absorb photons at the rate of 1.00 photon /cm2 s? (c) What
is the photon flux (photons per unit area per unit time) on a small
screen 2.00 m from the lamp?

••10 A satellite in Earth orbit maintains a panel of solar cells
of area 2.60 m2 perpendicular to the direction of the Sun’s light
rays. The intensity of the light at the panel is 1.39 kW/m2. (a) At
what rate does solar energy arrive at the panel? (b) At what rate
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Problems

Module 38-1 The Photon, the Quantum of Light

•1 Monochromatic light (that is, light of a single wavelength) is to
be absorbed by a sheet of photographic film and thus recorded on
the film. Photon absorption will occur if the photon energy equals
or exceeds 0.6 eV, the smallest amount of energy needed to dissoci-
ate an AgBr molecule in the film. (a) What is the greatest
wavelength of light that can be recorded by the film? (b) In what
region of the electromagnetic spectrum is this wavelength located?

•2 How fast must an electron move to have a kinetic energy
equal to the photon energy of sodium light at wavelength 590 nm?

•3 At what rate does the Sun emit photons? For simplicity,
assume that the Sun’s entire emission at the rate of 3.9 1026 W is
at the single wavelength of 550 nm.

•4 A helium–neon laser emits red light at wavelength l 633 nm in
a beam of diameter 3.5 mm and at an energy-emission rate of 5.0 mW.
A detector in the beam’s path totally absorbs the beam.At what rate
per unit area does the detector absorb photons?

•5 The meter was once defined as 1 650 763.73 wavelengths of
the orange light emitted by a source containing krypton-86 atoms.
What is the photon energy of that light?

•6 What is the photon energy for yellow light from a highway
sodium lamp at a wavelength of 589 nm?

Figure 38-23 Question 10.

– – – –
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11 At the left in Fig. 38-18, why are the minima nonzero?

12 An electron and a proton have the same kinetic energy.
Which has the greater de Broglie wavelength?

13 The following nonrelativistic particles all have the same ki-
netic energy. Rank them in order of their de Broglie wavelengths,
greatest first: electron, alpha particle, neutron.

14 Figure 38-24 shows an electron moving through several re-
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1182 CHAPTER 38 PHOTONS AND MATTER WAVES

are solar photons absorbed by the panel? Assume that the solar
radiation is monochromatic, with a wavelength of 550 nm, and
that all the solar radiation striking the panel is absorbed.
(c) How long would it take for a “mole of photons” to be
absorbed by the panel?

••11 An ultraviolet lamp emits light of wavelength
400 nm at the rate of 400 W. An infrared lamp emits light of wave-
length 700 nm, also at the rate of 400 W. (a) Which lamp emits pho-
tons at the greater rate and (b) what is that greater rate?

••12 Under ideal conditions, a visual sensation can occur in the
human visual system if light of wavelength 550 nm is absorbed by
the eye’s retina at a rate as low as 100 photons per second. What
is the corresponding rate at which energy is absorbed by the
retina?

••13 A special kind of lightbulb emits monochromatic light of
wavelength 630 nm. Electrical energy is supplied to it at the rate of
60 W, and the bulb is 93% efficient at converting that energy to
light energy. How many photons are emitted by the bulb during its
lifetime of 730 h?

••14 A light detector has an ab-
sorbing area of m2 and
absorbs 50% of the incident light,
which is at wavelength 600 nm. The
detector faces an isotropic source,
12.0 m from the source. The energy
E emitted by the source versus time
t is given in Fig. 38-26 (Es = 7.2 nJ,
ts = 2.0 s). At what rate are photons
absorbed by the detector?

Module 38-2 The Photoelectric Effect
•15 Light strikes a sodium surface, causing photoelectric
emission. The stopping potential for the ejected electrons is 5.0 V,
and the work function of sodium is 2.2 eV. What is the wavelength
of the incident light?

•16 Find the maximum kinetic energy of electrons ejected from a
certain material if the material’s work function is 2.3 eV and the
frequency of the incident radiation is 3.0 1015 Hz.

•17 The work function of tungsten is 4.50 eV. Calculate the speed
of the fastest electrons ejected from a tungsten surface when light
whose photon energy is 5.80 eV shines on the surface.

•18 You wish to pick an element for a photocell that will operate
via the photoelectric effect with visible light. Which of the follow-
ing are suitable (work functions are in parentheses): tantalum (4.2
eV), tungsten (4.5 eV), aluminum (4.2 eV), barium (2.5 eV),
lithium (2.3 eV)?

••19 (a) If the work function for a certain metal is 1.8 eV, what is
the stopping potential for electrons ejected from the metal when
light of wavelength 400 nm shines on the metal? (b) What is the
maximum speed of the ejected electrons?

••20 Suppose the fractional efficiency of a cesium surface (with
work function 1.80 eV) is 1.0 10 16; that is, on average one elec-
tron is ejected for every 10 16 photons that reach the surface. What
would be the current of electrons ejected from such a surface if it
were illuminated with 600 nm light from a 2.00 mW laser and all
the ejected electrons took part in the charge flow?

••21 X rays with a wavelength of 71 pm are directed onto a
gold foil and eject tightly bound electrons from the gold atoms.The

SSM

2.00 10 6
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ejected electrons then move in circular paths of radius r in a region
of uniform magnetic field . For the fastest of the ejected elec-
trons, the product Br is equal to 1.88 10 4 T m. Find (a) the
maximum kinetic energy of those electrons and (b) the work done
in removing them from the gold atoms.

••22 The wavelength associated with the cutoff frequency for
silver is 325 nm. Find the maximum kinetic energy of electrons
ejected from a silver surface by ultraviolet light of wavelength 
254 nm.

••23 Light of wavelength 200 nm shines on an aluminum
surface; 4.20 eV is required to eject an electron.What is the kinetic
energy of (a) the fastest and (b) the slowest ejected electrons? (c)
What is the stopping potential for this situation? (d) What is the
cutoff wavelength for aluminum?

••24 In a photoelectric experiment using a sodium surface, you
find a stopping potential of 1.85 V for a wavelength of 300 nm and
a stopping potential of 0.820 V for a wavelength of 400 nm. From
these data find (a) a value for the Planck constant, (b) the work
function for sodium, and (c) the cutoff wavelength l0 for sodium.

••25 The stopping potential for electrons emitted from a sur-
face illuminated by light of wavelength 491 nm is 0.710 V. When
the incident wavelength is changed to a new value, the stopping po-
tential is 1.43 V. (a) What is this new wavelength? (b) What is the
work function for the surface?

••26 An orbiting satellite can become charged by the photoelec-
tric effect when sunlight ejects electrons from its outer surface.
Satellites must be designed to minimize such charging because it
can ruin the sensitive microelectronics. Suppose a satellite is
coated with platinum, a metal with a very large work function 
( 5.32 eV). Find the longest wavelength of incident sunlight
that can eject an electron from the platinum.

Module 38-3 Photons, Momentum, Compton Scattering,
Light Interference
•27 Light of wavelength 2.40 pm is directed onto a target
containing free electrons. (a) Find the wavelength of light scattered
at 30.0° from the incident direction. (b) Do the same for a scatter-
ing angle of 120°.

•28 (a) In MeV/c, what is the magnitude of the momentum asso-
ciated with a photon having an energy equal to the electron rest
energy? What are the (b) wavelength and (c) frequency of the cor-
responding radiation?

•29 What (a) frequency, (b) photon energy, and (c) photon mo-
mentum magnitude (in keV/c) are associated with x rays having
wavelength 35.0 pm?

••30 What is the maximum wavelength shift for a Compton colli-
sion between a photon and a free proton?

••31 What percentage increase in wavelength leads to a 75% loss
of photon energy in a photon–free electron collision?

••32 X rays of wavelength 0.0100 nm are directed in the positive
direction of an x axis onto a target containing loosely bound elec-
trons. For Compton scattering from one of those electrons, at an
angle of 180°, what are (a) the Compton shift, (b) the correspon-
ding change in photon energy, (c) the kinetic energy of the recoil-
ing electron, and (d) the angle between the positive direction of
the x axis and the electron’s direction of motion?

••33 Calculate the percentage change in photon energy during a
collision like that in Fig. 38-5 for f 90° and for radiation in
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Figure 38-26 Problem 14.
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(a) the microwave range, with l 3.0 cm; (b) the visible range,
with l 500 nm; (c) the x-ray range, with l 25 pm; and (d) the
gamma-ray range, with a gamma photon energy of 1.0 MeV.
(e) What are your conclusions about the feasibility of detecting the
Compton shift in these various regions of the electromagnetic
spectrum, judging solely by the criterion of energy loss in a single
photon–electron encounter?

••34 A photon undergoes Compton scattering off a stationary
free electron. The photon scatters at 90.0° from its initial direction;
its initial wavelength is 3.00 10 12 m. What is the electron’s 
kinetic energy?

••35 Calculate the Compton wavelength for (a) an electron and
(b) a proton. What is the photon energy for an electromagnetic
wave with a wavelength equal to the Compton wavelength of
(c) the electron and (d) the proton?

••36 Gamma rays of photon energy 0.511 MeV are directed onto
an aluminum target and are scattered in various directions by
loosely bound electrons there. (a) What is the wavelength of the in-
cident gamma rays? (b) What is the wavelength of gamma rays
scattered at 90.0° to the incident beam? (c) What is the photon en-
ergy of the rays scattered in this direction?

••37 Consider a collision between an x-ray photon of initial en-
ergy 50.0 keV and an electron at rest, in which the photon is scat-
tered backward and the electron is knocked forward. (a) What is
the energy of the backscattered photon? (b) What is the kinetic
energy of the electron?

••38 Show that when a photon of energy E is scattered from a
free electron at rest, the maximum kinetic energy of the recoiling
electron is given by

••39 Through what angle must a 200 keV photon be scattered by
a free electron so that the photon loses 10% of its energy?

••40 What is the maximum kinetic energy of electrons knocked
out of a thin copper foil by Compton scattering of an incident beam
of 17.5 keV x rays? Assume the work function is negligible.

••41 What are (a) the Compton shift l, (b) the fractional
Compton shift l/l, and (c) the change E in photon energy for
light of wavelength l 590 nm scattering from a free, initially sta-
tionary electron if the scattering is at 90° to the direction of the
incident beam? What are (d) l, (e) l/l, and (f) E for 90° scat-
tering for photon energy 50.0 keV (x-ray range)?

Module 38-4 The Birth of Quantum Physics
•42 The Sun is approximately an ideal blackbody radiator with a
surface temperature of 5800 K. (a) Find the wavelength at which its
spectral radiancy is maximum and (b) identify the type of electro-
magnetic wave corresponding to that wavelength. (See Fig. 33-1.)
(c) As we shall discuss in Chapter 44, the universe is approximately
an ideal blackbody radiator with radiation emitted when atoms
first formed. Today the spectral radiancy of that radiation peaks at
a wavelength of 1.06 mm (in the microwave region). What is the
corresponding temperature of the universe?

•43 Just after detonation, the fireball in a nuclear blast is approx-
imately an ideal blackbody radiator with a surface temperature of
about 1.0 107 K. (a) Find the wavelength at which the thermal ra-
diation is maximum and (b) identify the type of electromagnetic
wave corresponding to that wavelength. (See Fig. 33-1.) This radia-

Kmax
E 2

E mc2/2
.

tion is almost immediately absorbed by the surrounding air mole-
cules, which produces another ideal blackbody radiator with a sur-
face temperature of about 1.0 105 K. (c) Find the wavelength at
which the thermal radiation is maximum and (d) identify the type
of electromagnetic wave corresponding to that wavelength.

••44 For the thermal radiation from an ideal blackbody radi-
ator with a surface temperature of 2000 K, let Ic represent the in-
tensity per unit wavelength according to the classical expression
for the spectral radiancy and IP represent the corresponding inten-
sity per unit wavelength according to the Planck expression. What
is the ratio Ic/IP for a wavelength of (a) 400 nm (at the blue end of
the visible spectrum) and (b) 200 mm (in the far infrared)?
(c) Does the classical expression agree with the Planck expression
in the shorter wavelength range or the longer wavelength range?

••45 Assuming that your surface temperature is 98.6°F and that
you are an ideal blackbody radiator (you are close), find (a) the
wavelength at which your spectral radiancy is maximum, (b) the
power at which you emit thermal radiation in a wavelength range
of 1.00 nm at that wavelength, from a surface area of 4.00 cm2, and
(c) the corresponding rate at which you emit photons from that
area. Using a wavelength of 500 nm (in the visible range), (d) recal-
culate the power and (e) the rate of photon emission. (As you have
noticed,you do not visibly glow in the dark.) 

Module 38-5 Electrons and Matter Waves
•46 Calculate the de Broglie wavelength of (a) a 1.00 keV elec-
tron, (b) a 1.00 keV photon, and (c) a 1.00 keV neutron.

•47 In an old-fashioned television set, electrons are acceler-
ated through a potential difference of 25.0 kV. What is the
de Broglie wavelength of such electrons? (Relativity is not needed.)

••48 The smallest dimension (resolving power) that can be
resolved by an electron microscope is equal to the de Broglie
wavelength of its electrons.What accelerating voltage would be re-
quired for the electrons to have the same resolving power as could
be obtained using 100 keV gamma rays?

••49 Singly charged sodium ions are accelerated
through a potential difference of 300 V. (a) What is the momentum
acquired by such an ion? (b) What is its de Broglie wavelength?

••50 Electrons accelerated to an energy of 50 GeV have a de
Broglie wavelength l small enough for them to probe the structure
within a target nucleus by scattering from the structure. Assume
that the energy is so large that the extreme relativistic relation p
E/c between momentum magnitude p and energy E applies. (In
this extreme situation, the kinetic energy of an electron is much
greater than its rest energy.) (a) What is l? (b) If the target nucleus
has radius R 5.0 fm, what is the ratio R/l?

••51 The wavelength of the yellow spectral emission line of
sodium is 590 nm. At what kinetic energy would an electron have
that wavelength as its de Broglie wavelength?

••52 A stream of protons, each with a speed of 0.9900c, are di-
rected into a two-slit experiment where the slit separation is 4.00
10 9 m. A two-slit interference pattern is built up on the viewing
screen. What is the angle between the center of the pattern and the
second minimum (to either side of the center)?

••53 What is the wavelength of (a) a photon with energy 1.00 eV,
(b) an electron with energy 1.00 eV, (c) a photon of energy
1.00 GeV, and (d) an electron with energy 1.00 GeV?

••54 An electron and a photon each have a wavelength of 0.20 nm.
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