5. Is it possible for a spectrum from an x-ray tube to show
the continuous spectrum of x-rays without the pres-
ence of the characteristic x-rays?

6. Suppose the electron in the hydrogen atom obeyed
classical mechanics rather than quantum mechanics.
Why should such a hypothetical atom emit a continu-
ous spectrum rather than the observed line spectrum?

7. When a hologram is produced, the system (including
light source, object, beam splitter, and so on) must be
held motionless within a quarter of the light’s wave-
length. Why?

8. Why are three quantum numbers needed to describe
the state of a one-electron atom (ignoring spin)?

9. Describe how the structure of atoms would differ if the
Pauli exclusion principle were not valid. What conse-
quences would follow, both at the atomic level and in
the world at large?

10. Can the electron in the ground state of hydrogen
absorb a photon of energy less than 13.6 eV? Can

11.

12.

13.

14.

15.
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it absorb a photon of energy greater than 13.6 eV?
Explain.

Why do lithium, potassium, and sodium exhibit similar
chemical properties?

List some ways in which quantum mechanics altered
our view of the atom pictured by the Bohr theory.

It is easy to understand how two electrons (one with
spin up, one with spin down) can fill the 1s shell for
a helium atom. How is it possible that eight more
electrons can fit into the 2s, 2p level to complete the
152522 shell for a neon atom?

The ionization energies for Li, Na, K, Rb, and Cs are
5.390, 5.138, 4.339, 4.176, and 3.893 eV, respectively.
Explain why these values are to be expected in terms
of the atomic structures.

Why is stimulated emission so important in the opera-
tion of a laser?

WebAsign The problems in this chapter may be assigned online in
Enhanced WebAssign. Selected problems also have Watch It video
solutions.
1. denotes straightforward problem; 2. denotes intermediate problem;
3. denotes challenging problem
D] denotes full solution available in Student Solutions Manual/
Study Guide

1

GP]
M |
[ S |

denotes problems most often assigned in Enhanced WebAssign
denotes biomedical problems

denotes guided problems

denotes Master It tutorial available in Enhanced WebAssign
denotes asking for quantitative and conceptual reasoning

denotes symbolic reasoning problem

28.1 Early Models of the Atom

28.2 Atomic Spectra

L The wavelengths of the Lyman series for hydro-
gen are given by

1 1
X=RH<1—?> n=2,3,4,...

(a) Calculate the wavelengths of the first three lines in
this series. (b) Identify the region of the electromag-
netic spectrum in which these lines appear.

2. The wavelengths of the Paschen series for hydro-
gen are given by

1 1 1
X:RH<?—?> n=4,5,6,.--

(a) Calculate the wavelengths of the first three lines in
this series. (b) Identify the region of the electromag-
netic spectrum in which these lines appear.

3. The “size” of the atom in Rutherford’s model is about
1.0 X 107 m. (a) Determine the attractive electrostatic
force between an electron and a proton separated by

-

this distance. (b) Determine (in e€V) the electrostatic
potential energy of the atom.

. An isolated atom of a certain element emits light of

wavelength 520 nm when the atom falls from its fifth
excited state into its second excited state. The atom
emits a photon of wavelength 410 nm when it drops
from its sixth excited state into its second excited
state. Find the wavelength of the light radiated when
the atom makes a transition from its sixth to its fifth
excited state.

. The “size” of the atom in Rutherford’s model is

about 1.0 X 107! m. (a) Determine the speed of an
electron moving about the proton using the attractive
electrostatic force between an electron and a proton
separated by this distance. (b) Does this speed suggest
that Einsteinian relativity must be considered in study-
ing the atom? (c) Compute the de Broglie wavelength
of the electron as it moves about the proton. (d) Does
this wavelength suggest that wave effects, such as dif-
fraction and interference, must be considered in study-
ing the atom?
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In a Rutherford scattering experiment, an a-particle
(charge = +2¢) heads directly toward a gold nucleus
(charge = +79¢). The a-particle had a kinetic energy
of 5.0 MeV when very far (r — ) from the nucleus.
Assuming the gold nucleus to be fixed in space, deter-
mine the distance of closest approach. Hint: Use con-
servation of energy with PE = k q,4,/.

28.3 The Bohr Model

Ed A hydrogen atom is in its first excited state (n = 2).
Using the Bohr theory of the atom, calculate (a) the
radius of the orbit, (b) the linear momentum of the
electron, (c) the angular momentum of the electron,
(d) the kinetic energy, (e) the potential energy, and
(f) the total energy.

For a hydrogen atom in its ground state, use the Bohr
model to compute (a) the orbital speed of the electron,
(b) the kinetic energy of the electron, and (c) the elec-
trical potential energy of the atom.

. & Show that the speed of the electron in the nth

Bohr orbit in hydrogen is given by
ke
Un =
A photon is emitted when a hydrogen atom undergoes
a transition from the n = 5 state to the n = 3 state.

Calculate (a) the wavelength, (b) the frequency, and
(c) the energy (in electron volts) of the emitted photon.

11.|A hydrogen atom emits a photon of wavelength

12.

14,

656 nm. From what energy orbit to what lower-energy
orbit did the electron jump?
Following are four possible transitions for a hydrogen
atom

1. ni=2;nf=5 IL. n, = 5; nf=3
nL »,=17, nf=4 IV. nl.=4;nf=7
(a) Which transition will emit the shortest-wavelength
photon? (b) For which transition will the atom gain the
most energy? (c) For which transition(s) does the atom
lose energy?

. 7@ Whatis the energy of a photon that, when absorbed

by a hydrogen atom, could cause an electronic transi-
tion from (a) the n = 2 state to the n = 5 state and
(b) the n = 4 state to the n = 6 state?

A hydrogen atom initially in its ground state (n = 1)
absorbs a photon and ends up in the state for which
n = 3. (a) What is the energy of the absorbed photon?
(b) If the atom eventually returns to the ground state,
what photon energies could the atom emit?

The Balmer series for the hydrogen atom corre-
sponds to electronic transitions that terminate in the
state with quantum number n = 2 as shown in Figure
P28.15. Consider the photon of longest wavelength cor-
responding to a transition shown in the figure. Deter-
mine (a) its energy and (b) its wavelength. Consider
the spectral line of shortest wavelength corresponding

16.

17.

18.

19.

20.

to a transition shown in the figure. Find (c) its photon
energy and (d) its wavelength. (e) What is the shortest
possible wavelength in the Balmer series?

E (eV)
0.00
-0.378

—0.544 2
—0.850 4

—1.512

bt 8 3

ENERGY

—3.401

N

Balmer
series

Figure P28.15

B3 A particle of charge ¢ and mass m, moving with
a constant speed v, perpendicular to a constant mag-
netic field B, follows a circular path. If in this case the
angular momentum about the center of this circle is
quantized so that mvr = 2n#i, show that the allowed
radii for the particle are

[2nf
Ty =
qB

where n=1,2,3,....

7@ (@) If an electron makes a transition from the
n = 4 Bohr orbit to the n = 2 orbit, determine the
wavelength of the photon created in the process.
(b) Assuming that the atom was initially at rest, deter-
mine the recoil speed of the hydrogen atom when this
photon is emitted.

Consider a large number of hydrogen atoms, with elec-
trons all initially in the n = 4 state. (a) How many dif-
ferent wavelengths would be observed in the emission
spectrum of these atoms? (b) What is the longest wave-
length that could be observed? (c) To which series does
the wavelength found in (b) belong?

A photon with energy 2.28 eV is absorbed by a hydro-
gen atom. Find (a) the minimum 7 for a hydrogen
atom that can be ionized by such a photon and (b) the
speed of the electron released from the state in part
(a) when it is far from the nucleus.

(a) Calculate the angular momentum of the Moon
due to its orbital motion about Earth. In your calcula-
tion use 3.84 X 10® m as the average Earth-Moon dis-
tance and 2.36 X 10 s as the period of the Moon in its
orbit. (b) If the angular momentum of the Moon obeys
Bohr’s quantization rule (L = n#), determine the
value of the quantum number n. (c) By what fraction
would the Earth—-Moon radius have to be increased to
increase the quantum number by 1?

An electron is in the second excited orbit of hydrogen,

22.

corresponding to n = 3. Find (a) the radius of the orbit
and (b) the wavelength of the electron in this orbit.

(a) Write an expression relating the kinetic energy
KE of the electron and the potential energy PE in the



Bohr model of the hydrogen atom. (b) Suppose a
hydrogen atom absorbs a photon of energy FE, resulting
in the transfer of the electron to a higher-energy level.
Express the resulting change in the potential energy of
the system in terms of E. (c) What is the change in the
electron’s kinetic energy during this process?

23. The orbital radii of a hydrogen-like atom is given by
the equation

nh?
y = —
" Zm,k,e?

What is the radius of the first Bohr orbit in (a) HeT,
(b) Li?*, and (c) Be®*?

24. Consider a Bohr model of doubly ionized lithium.
(a) Write an expression similar to Equation 28.14
for the energy levels of the sole remaining electron.
(b) Find the energy corresponding to n = 4. (c) Find
the energy corresponding to n = 2. (d) Calculate the
energy of the photon emitted when the electron tran-
sits from the fourth energy level to the second energy
level. Express the answer both in electron volts and in
joules. (e) Find the frequency and wavelength of the
emitted photon. (f) In what part of the spectrum is the
emitted light?

25. A general expression for the energy levels of one-

electron atoms and ions is
E = pk g gy
! 2720

Here p is the reduced mass of the atom, given by u =
mymy/(m, + m,), where m, is the mass of the electron
and m, is the mass of the nucleus; £, is the Coulomb
constant; and ¢, and g, are the charges of the elec-
tron and the nucleus, respectively. The wavelength for
the n = 3 to n = 2 transition of the hydrogen atom is
656.3 nm (visible red light). What are the wavelengths
for this same transition in (a) positronium, which con-
sists of an electron and a positron, and (b) singly ion-
ized helium? Note: A positron is a positively charged
electron.

Bl Using the concept of standing waves, de Broglie
was able to derive Bohr’s stationary orbit postulate. He
assumed a confined electron could exist only in states
where its de Broglie waves form standing-wave patterns,
as in Figure 28.6. Consider a particle confined in a box
of length L to be equivalent to a string of length L and
fixed at both ends. Apply de Broglie’s concept to show
that (a) the linear momentum of this particle is quan-
tized with p = mv = nh/2L and (b) the allowed states
correspond to particle energies of E = n?E,, where
E, = h*/(8mL?).

28.4 Quantum Mechanics and the Hydrogen Atom

27. List the possible sets of quantum numbers for elec-
trons in the 3d subshell.
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28. When the principal quantum number is » = 4, how
many different values of (a) € and (b) m, are possible?

The p-meson has a charge of —e¢, a spin quantum num-
ber of 1, and a mass 1 507 times that of the electron. If
the electrons in atoms were replaced by p-mesons, list
the possible sets of quantum numbers for p-mesons
in the 3d subshell.

28.5 The Exclusion Principle and the Periodic Table

0. (a) Write out the electronic configuration of the
ground state for nitrogen (Z = 7). (b) Write out the
values for the possible set of quantum numbers #n, £,
m,, and m_for the electrons in nitrogen.

31. A certain element has its outermost electron in a 3p
subshell. It has valence +3 because it has three more
electrons than a certain noble gas. What element is it?

32. Two electrons in the same atom have n = 3 and € = 1.
(a) List the quantum numbers for the possible states of
the atom. (b) How many states would be possible if the
exclusion principle did not apply to the atom?

Zirconium (Z = 40) has two electrons in an incomplete
d subshell. (a) What are the values of n and ¢ for each
electron? (b) What are all possible values of m, and m_?
(c) What is the electron configuration in the ground
state of zirconium?

28.6 Characteristic X-Rays

34. A tungsten target is struck by electrons that have been
accelerated from rest through a 40.0-kV potential dif-
ference. Find the shortest wavelength of the radiation
emitted.

A bismuth target is struck by electrons, and x-rays are
emitted. Estimate (a) the M- to L-shell transitional
energy for bismuth and (b) the wavelength of the x-ray
emitted when an electron falls from the M shell to the
L shell.

36. When an electron drops from the M shell (n = 3) to
a vacancy in the K shell (rn = 1), the measured wave-
length of the emitted x-ray is found to be 0.101 nm.
Identify the element.

37. B The K series of the discrete spectrum of tungsten
contains wavelengths of 0.018 5 nm, 0.020 9 nm, and
0.021 5 nm. The K-shell ionization energy is 69.5 keV.
Determine the ionization energies of the L, M, and N
shells.

Additional Problems

In a hydrogen atom, what is the principal quantum
number of the electron orbit with a radius closest to
1.0 pm?

39. (a) How much energy is required to cause an electron
in hydrogen to move from the n = 1 state to the n = 2
state? (b) If the electrons gain this energy by collision
between hydrogen atoms in a high-temperature gas,
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find the minimum temperature of the heated hydro-
gen gas. The thermal energy of the heated atoms is
given by 3k, T/2, where kj is the Boltzmann constant.

A pulsed ruby laser emits light at 694.3 nm. For a
14.0-ps pulse containing 3.00 J of energy, find (a) the
physical length of the pulse as it travels through space
and (b) the number of photons in it. (c) If the beam
has a circular cross section 0.600 cm in diameter, what
is the number of photons per cubic millimeter?

An electron in chromium moves from the n = 2 state
to the n = 1 state without emitting a photon. Instead,
the excess energy is transferred to an outer electron
(one in the n = 4 state), which is then ejected by the
atom. In this Auger (pronounced “ohjay”) process,
the ejected electron is referred to as an Auger elec-
tron. (a) Find the change in energy associated with
the transition from n» = 2 into the vacant n = 1 state
using Bohr theory. Assume only one electron in the K
shell is shielding part of the nuclear charge. (b) Find
the energy needed to ionize an n = 4 electron, assum-
ing 22 electrons shield the nucleus. (c) Find the kinetic
energy of the ejected (Auger) electron. (All answers
should be in electron volts.)

EER As the Earth moves around the Sun, its orbits
are quantized. (a) Follow the steps of Bohr’s analysis
of the hydrogen atom to show that the allowed radii of
the Earth’s orbit are given by

_ n*h?
" GMMg
where 7 is an integer quantum number, M is the mass
of the Sun, and M, is the mass of the Earth. (b) Calcu-

T,

43.

44.

late the numerical value of » for the Sun—Earth system.
(c) Find the distance between the orbit for quantum
number n and the next orbit out from the Sun corre-
sponding to the quantum number n + 1. (d) Discuss
the significance of your results from parts (b) and (c).

[BIO| A laser used in eye surgery emits a 3.00-m]J
pulse in 1.00 ns, focused to a spot 30.0 um in diam-
eter on the retina. (a) Find (in SI units) the power per
unit area at the retina. (This quantity is called the érra-
diance.) (b) What energy is delivered per pulse to an
area of molecular size (say, a circular area 0.600 nm in
diameter)?

An electron has a de Broglie wavelength equal to
the diameter of a hydrogen atom in its ground state.
(a) What is the kinetic energy of the electron? (b) How
does this energy compare with the magnitude of the
ground-state energy of the hydrogen atom?

B Use Bohr’s model of the hydrogen atom to show

46.

that when the atom makes a transition from the state n
to the state n — 1, the frequency of the emitted light is
given by

_ omimk 2t 2n — 1
-
Suppose the ionization energy of an atom is 4.100 eV.
In this same atom, we observe emission lines that have
wavelengths of 310.0 nm, 400.0 nm, and 1 378 nm. Use
this information to construct the energy level diagram
with the least number of levels. Assume that the higher
energy levels are closer together.



