
982 cHAPTER 28 Quantum Physics

The uncertainty principle is a natural outgrowth of the wave
packet model.

Particles are represented by a wave function {(x, ), ,).
The probability density that a particle r,rill be found at a

point is lrlrl' If the particle is confined to moving along the
x axis, the probability that it will be located in an interval dx
is given Uy lUlt dx. Furthermore, the wave funcrion must be
normalized:

where n is an integer quantum number starting at 1. The par-
ticle has a well-defined wavelength i whose values are such
that the length Z of the box is equal to an integral number of
half wavelengths, that is, L: nt/2. The energies of a particle
in a box are quantized and are given by
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The measured position x of the particle, averaged over many
trials, is called the expectation value of x and is defined bv
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The wave function must satisli the Schrodinger equation.
The time-independent Schr<idinger equation for a particle
confined to mor.ing along the x axis is| -lrr 
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If a particle of mass m is confined to moving in a one-
dimensional box <lf length 1- whose walls are perfectly rigid,
the allowed nave functions for the particle are

where E is the total energy of the system and Uis the poten-
tial energy of the system.

\4rhen a particle of energy E meets a barrier of height t,
where E < U the particle has a finite probability of penetrat-
ing the barrier. This process, called tunnelingr is the basic

mechanism that explains the operation of the scanning tun-
neling microscope and the phenomenon of alpha decay in
some radioactive nuclei.
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OBJECTIVE QUESTIONS

Is each one of the following staremenrs (a) through (e) true
or false for an electron? (a) It is a quantum particle, behav-
ing in some experiments like a classical particle and in some
experiments like a classical tvave. (b) Its rest energy is zero.
(c) It carries energy in ius motion. (d) It carries momentum
in its motion. (e) Its motion is described by a wave function
that has a rvavelength and satisfies a rvave equation.

\4/hich of the following phenomena most clearly demonstrates
the particle nature of light? (a) diffraction (b) the photoelec-
tric effect (c) polarization (d) interference (e) refraction

In a Compton scattering experiment, a photon of energy.L'is
scattered from an electron at rest. After the scattering event
occurs, which of the following statements is true? (a) The
frequency of the photon is greater than E/h. (b) The en-
ergl,of the photon is less than E. (c) The rvavelength of the
photon is less than hc/E. (d) The momentum of the photon
increases. (e) None of those statements is true.

for Problem Solving

Quantum Particle Under Boundary Conditions. An interaction of a qr-rantum particle
with its environment represents one or more bonndary conditions. If the interaction
restricts the particle to a finite region of space, the energy of the sl,stem is quantized.
All lvar.e functions must satisfl' the follolving four boundary conditions: (1) ry'(x) must
remain finite as x approaches 0, (2) ry'(x) must approach zero as x approaches tr,
(3) t(r) must be continuous for all values of x, and G) dr!/ dx must be contitluous
for all finite values of U(x) . If the solution to Equation 28.36 is piecervise, cor-rditions
(3) and (4) must be applied at the boundaries betneen regions of x in u,hich Equa-
tion 28.36 has been solr,ed.
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l. @ fn. probability of finding a certain quantum particle in the
section of the xaxis betrveen x = 4 nm and x = 7 nm is

48%.'fhe particle's wave function ry'(x) is constant over this
range. What numerical value can be attributed to ry'(x), in
units of nm-r/2? (a) 0.48 (b) 0.16 (c) 0.12 (d) 0.69 (e) 0.40

5. A proton, an electron, and a helium nucleus all move at
speed u. Rank their de Broglie rvavelengths from largest to
smallest.

6. Consider (a) an electron (b) a photon, and (c) a pro-
ton, all moving in vacuum. Choose all correct answers for
each question. (i) \A'hich of the three possess rest energl'-:
(ii) Which have charge? (iii) \\hich carry energy? (iv) Which
carry momentum? (v) Which move at the speed of light?
(vi) Which have a navelength characterizing their motion?

II" u certain experiment, a filament in an evacuated light-
bulb carries a crlrrent 1, and you measure the spectrum of
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light ernitted by tl.re filament, u,hich behaves as a black body
at temperature l. The rvavelength emitted lith highest
intensiry (symbolized by,\,,,n*) has the value r\,. You then
increase the potential difference across the filament by a

factor of 8, and the current increases by a factor of 2. (i)
After this change, what is the neu,value of the temperature
of thefilament? (a) 16I, (b) 87'r @) 47, (d) 2i'l (e) still 7l
(ii) \Atrat is the nerv value of the rvar.elength emitted rdth
highestintensity? (a) 4tr, (b) 2i1 (c) i, (d) |f , 1.1],f ,

8, \4'hat is the de Broglie wavelength of an electron acceler-
ated from rest through a potential difference of 50.0 V?
(a) 0.100 nm (b) 0.139 nm (c) 0.174 nm (d) 0.834 nm
(e) none of tl-rose ans\{ers

9. A quantum particle of mass m, is in a square lvell with in-
finitely high walls and length 3 nm. Rank the situations
(a) through (e) according to the particle's energy from
highest to lorvest, noting any cases of equality,. (a) The par-
ticle of mass mr is in the grour.rd state of the rr,ell. (b) The
same particle is in the n : 2 excited state of the same $'ell.
(c) A particle'rvith mass 2rr1 is in the gror.rnd state of the
same well. (d) A particle of mass m, in the ground state of
the same 'lvell, and the uncertainty principle has become
inoperative; that is, Planck's constant has been reduced to
zero. (e) A particle of mass rl, is in the ground state of a rvell
of length 6 nm.

10. A particle in a rigid box of
length l, is in the first ex-
cited state, for rvhich rz : 2
(Fig. OQ28.l0). \trtrere is
the particle most likely to be
found? (a) At the center of
the box. (b) At either end
of the box. (c) All poins in
the box are equally likel1,.
(d) One-fourth of the rvay

from either end of the box.
(e) None of those answers is correct.

1l. EIO \ /hich of the follorving is most likely to cause sunburn
by delivering more energ)' to indir.idual molecules in skin
cells? (a) infrared light (b) r'isible light (c) ultraviolet light
(d) microrvaves (e) Choices (a) through (d) are equalll'
likel1,.

E O" x-ray photon is scattered b1,an originally stationary elec-
tron. Relative to the frequer.rcy,of the incident photon, is the
frequency'of the scattered photon (a) lorver, (b) highea or
(c) unchanged?

13. A beam of quantum particles l,ith kinetic energy 2.00 eV
is reflected from a potential barrier of small width and

CONCEPTUAL OUESTIONS

I. The classical model of blackbody radiation given by the Ray-

leigh-Jeans larv has t\'\'o major flans. (a) Identify the flans
and (b) explain horv Plar.rck's larv deals rvith them.

2. All objects radiate energ)'. rr{Ihr', then, are rve not able to see

all objects in a dark room?

3. EiO Iridescenceis the phenomenon that gives shining colors
to the feathers of peacocks, hummingbirds (see page 910),
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original height 3.00 eV. Horr. does the fraction of the par-
ticles that are reflected change as the barrier height is re-
duced to 2.01 eV? (a) It increases. (b) It decreases. (c) It
stays constant at zero. (d) It stays constant at 1. (e) It stays

constant with some other value.

14. Suppose a tunneling current in an electronic device goes
through a potential-energy barrier. The tunneling current
is small because the width of the barrier is large and the bar-
rier is high. To increase the current most effectivel,v, what
should you do? (a) Reduce the width of the barrier. (b) Re-
duce the height of the barrier. (c) Either choice (a) or
choice (b) is equally effective. (d) Neither choice (a) nor
choice (b) increases the current.

15. Figure OQ28.15 represents
the wave function for a hy'-

pothetical quantum particle
in a gi'r,en region. From the
choices a through e, at rvhat
value of x is the particle most
likely to be found?

16. \Vhich of the follorving state-
ments are true according to
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Figure OQ28.lO

Figure OQ28.l5

the uncertainq, principle? More than one statement may
be correct. (a) It is impossible to simultaneously determine
both the position and the momentum of a particle along
the same axis rvith arbitrary accuracy. (b) It is impossible to
simultaneously determine both the energy and momentum
of a particle rvith arbitrary acclrracy. (c) It is impossible to
determine a particle's energy l.ith arbitrarl, acclrracf in a

finite amount of time. (d) It is impossible to measure the
position of a particle rvith arbitrary accuracy in a finite
amount of time. (e) It is impossible to simultaneously mea-
sure both the energy and position of a particle with arbi-
trary accuracy.

17. Rank the rvavelengths of the follorving quantum particles
from the largest to the smallest. If any have equal nave-
lengths, display the equality in your ranking. (a) a photon
'rvith energy 3 eV (b) an electron rvith kinetic energy 3 eV
(c) a proton with kinetic enerfy- 3 eV (d) a photon u'ith en-
erg 0.3 eV (e) an electron with momentum 3 eVlr

18, Both an electron and a proton are accelerated to the same
speed, and the experimental uncertainty in tl're speed is the
same for the two particles. The positions of the two particles
are also measured. Is the minimum possible uncertainty in
the electron's position (a) less than the minimum possible
uncertainty in the proton's position, (b) the same as that for
the proton, (c) more than that for the proton, or (d) impos-
sible to tell from the given information?
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resplendent quetzals, and even ducks and grackles. With-
out pigments, it colors Morpho butterflies (Fig. CQ28.3,
page 984), Urania moths, some beetles and flies, rainbow
trout, and mother-of-pearl in abalone shells. Iridescent col-
ors change as you turn an object. They are produced by a
wide variety ofintricate structures in different species. Prob-
lem 68 in Chapter 27 describes the structures that produce
iridescence in a peacock feather. These structures were all
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