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Exercises 1399

1
Far instructor-assigned homework, go to www.masteringphysics.com @ )

*, **, ***: Problems of increasing difficulty. CP: Cumulative prablems incorparating material from earfier chapters. GALL: Problems

requiring calculus. BID: Biosciences problems.

DISCUSSION QUESTIBNS

8411 Particle 4 is described by the wave function ¥{x, y, z). Par-
ticle B is described by the wave function yr(x, y, 7)™, where ¢ is a
real constant. How does the probability of finding particle A within
a volume @V around a certair ‘point in space compare with the
probability of finding particle B within this same volume?

041.2 What are the most significant differences between the Bohr
model of the hydrogen atom and the Schrdinger analysis? What
are the similarities?

8413 Por a body orbiting the son, such as a planet, comet, or
asteroid, is there any restriction on the z-component of its orbital
angular momentwm such as there is with the z-component of the
electron’s orbital angular momentum in hydrogen? Explain,

041.8 Why is the analysis of the helium atom much more complex
than that of the hydrogen atom, either in a Bohr type of model or
using the Schrisdinger equation?

0415 The Stern-Gerlach experiment is always performed with
beams of neutral atoms. Wouldn’t it be easier to form beams using
ionized atoms? Why won’t this work?

Q41E {a) If two electrons in hydrogen atoms have the same prin-

cipal quantum number, can they have different orbital angular

momentum? How? (b) If two electrons in hydrogen atoms have the

same orbital angular-momentum quantunt number, can they have

ditferent principal quantum numbers? How?

241.7 In the Stem-Gerlach experiment, why is it essential for the

magnetic field to be inhomogeneous (that is, nonuniform)?

841.8 In the ground state of the helium atom one electron must

have “spin down” and the other “spin up.” Why?

8418 An electron in a hydrogen atom is in an s level, and the

atom is in a magnetic field B = Bk, Explain why the “spin up”

state {m, = +% has a higher ensrgy than the “spin down’ state
my = 1),

04110 The central-field approximation is more accurate for alkali

metals than for transition metals such as. iron, nickel, or copper.

Why?

Q4111 Table 41.3 shows that for the ground state of the potassium

ator, the outermast electron is in a 4s state, What does this tell

you about the relative energies of the 3d and 4s levels for this

atorn? Explain,

841.12 Do gravitational forces play a significant role in atomic

structure? Explain, _

041,13 Why do the transition elements (Z = 21 to 30) all have

similar chemical properties?

041.14 Use Table 41.3 to help determine the ground-state electron

configuration of the neutral gallium atom (Ga) as well as the ions

Ga™ and Ga™. Gailium has an atomic number of 31.

181.15 On the basis of the Pauli exclusion principle, the structare

of the periodic table of the elements shows that there must be a

fourth quantum number in addition to #, I, and m ;. Explain,

04116 A small amount of magnetic-fietd splitting of spectral lines

occurs even when the atoms are not in a magnetic field, What

causes this?

04117 The ionizalion energies of the alkali metals {that is, the

lowest energy required to remove one outer electron when the

atom is in its ground state) are about 4 or 5 eV, while those of the
noble gases are in the range from 11 to 25 eV. Why is there a dif-
ference?

841.18 The energy required to remove the 3s electron from a
sodium atom in its ground state is about 5 eV, Would you expect
the energy required to remove an additional electron to be about
the same, or more, or less? Why?

04118 What is the “centrat-field approximation” and why is it
only an approximation?

R41.20 The nucleus of a gold atom contains 79 protons. How dees
the energy required to remove a 1s electron completely from a
gold atom compare with the energy required to remove the elec-
tron from the ground level in a hydrogen atom? In what region of
the electromagnetic spectrum would a photon with this energy for
each of these two atoms lie?

041.21 (a) Can you show that the orbital anguiar momentuam of an
electron in any given direction {e.g., along the z-axis) is always
less than or equal to its total orbital angular momentum? In which
cases would the two be equal to each other? {b) Is the result in part
{a) true for a classical object, such as a spinning top or planet?
041.22 An atom in its ground tevel absorbs a photon with energy
equal to the X absorption edge. Does absorbing this photon ionize
this atom? Explain.

247.23 Can a hydrogen atom emit x rays? If so, how? If not,
why not?

ENERCISES

Section 41.2 Particle in a Three-Dimensional Box

411 « For a particle in a three-dimensional box, what is the
degeneracy (number of different quantum states with the same
energy) of the following energy levels: (a) 3724%/2mi? and (b)
9m2h/2mL?y ‘

41.2 + £P Model a hydrogen atom as an electron in a cubical box
with side length L. Set the value of £ so that the volume of the box
equals the volume of a sphere of radius @ = 529 x 1ol m, the
Bohr radius. Calculate the energy separation between the ground
and first excited levels, and compaze the result to this energy sepa-
raifon caleulated from the Bohr model.

41.3 + CP A photon is emitted when an electron in a three-
dimensional box of side length 8.00 X 107*! m makes a transition
from the ng = 2,ny = 2,n; = 1 state to the ry=l,np=1,
nz = 1 state. What is the wavelength of this photon?

41.4 - For each of the following states of a particle in a three-
dimensional box, at what points is the probability distribution
function a maximum: (a) ny = Lay=Lnz=land(b)ny =2,
ny=2nz=17

41.5 ++ A particle is in the three-dimensional box of Section 41,1,
For the state ny = 2, ny = 2,n; = 1, for what planes {in addi-
tion to the walls of the box) is the probability distribution func-
tion zero? Compare this number of planes to the corresponding
number of planes where [t[f}z is zero for the lower-energy state
nx = 2,ny = I,ny = land for the ground state ny = 1, ny =1,
Ry = 1.
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41.5 + What is the energy difference between the two lowest
energy levels for a proton in a cubical box with side length
1.0 % 107" m, the approximate diameter of a nucleus?

Section 41.3 The Hydrogen Atom

41.7 »+ Consider an electron in the N shell. (a) What is the small-
est orbital angular momentum it could have? {b) What is the
largest orbital angular momentum it could have? Express your
answers in terms of # and in ST units. () What is the largest orbitat
angutar momentum this electron could have in any chosen direc-
tion? Express your answers in terms of 7 and in ST units. (d) What
is the largest spin angular momentum this electron could have in
any chosen direction? Express your answers in terms of # and in SI
units. (e} For the electron in part {c), what is the ratio of its spin
angular momentum in the z-direction to its orbital angular momen-
tum in the z-direction?

41.8 + An electron is in the hydrogen atom with n = 5. (a) Find
the possible values of L and L, for this electron, in units ff .
{b) For each value of L., find al} the possible angles between L and
the z-axis. (¢) What are the maxi_;pum and minimum values of the
magnitude of the angle between L and the z-axis?

*§1.8 + The orbital angular momentum of an electron has a magni-
tude of 4.716 X 107 ke - mz/ 5. What is the angular-momentum
quantum npumber { for this electron?

4110 + Consider states with angular-mormentum quantum tum-
ber [ = 2. () In units of fi, what is the largest possible value of L;?
(b) Tn units of /i, what is the value of L? Which is targer: L or the
maximum possible L,? (c) For cach allowed value of L, what
angle dees the vector 7 make with the +z-axis? How does the
minimum angle for | = 2 compare {0 the minimum angle for
I = 3 calculated in Example 4137

4141 + Calculate, in units of 7, the magnitude of the maximum
orbital angular momentum for an electron in a hydrogen atom for
states with a principal quantam number of 2, 20, and 200. Com-
pare cach with the value of n# postulated in the Bohr model. What
trend do you see?

4112 * (a) Make a chart showing ail the possible sets of quantum
numbers [ and m; for the states of the electron in the hydrogen
atom when n = 3. How many combinations are thers? (b) What
are the enexrgies of these states?

0113 ++ {a) How many different 5g states does hydrogen have?
{b) Which of the states in part (a) has the largest angle between I
and the z-axis, and what is that angle? &c) Which of the states in
part {a) has the smallest angle between L and the z-axis, and what
is that angle?

4714 ++ CALD (2) What is the probability that an electron in the
15 state of a hydrogen atom will be found at a distance less than
af2 from the nucleus? (b) Use the results of part (a) and of Exam-
ple 41.4 to calcutate the probability that the electron will be found
at distances between a/2 and a from the nucleus.

4115 + CALC In Fxample 414 fill in the missing details that
showthat P =1 — 5672,

4118 + Show that B(d) = ™ = B(p + 2m) (that i, show
that ©{¢) is periodic with period 27} if and only if m, is restricted
to the values O, =1, £2,.... (Hint: Tader’s formula states that
&% = cosp + isingd.)

section 41.4 The Zeeman Eifect

4117 + A hydrogen atom in & 3p state is placed in a uniform
external magnetic field B. Consider the intesaction of the magnetic
field with the atom’s orbital magnretic dipole moment. {a) What
field magnitude B is required to split the 3p state into multiple lev-

els with an energy difference of 2.71 X 1075 eV between adjacent
fevels? (b) How many tevels will there be?

4118 + A hydrogen atom is in a d state. Tn the absence of an
external magnetic field the states with different m; values have
{approximately) the same energy. Consider the interaction of the
magnetic fietd with the atom’s orbital magnetic dipole moment.
(a) Calculate the splitting (in electron volts) of the mn; levels when the
atom is put in a 0.400-T magnetic field that is in the +z-direction.
(b) Which m; level will have the lowest energy? (¢) Draw an
energy-level diagram that shows the d levels with and without the
external magnetic field.

4149 + A hydrogen atom in the 5g state is placed in & magnetic
field of 0.600 T that is in the z-direction. (a) Into how many levels
is this state split by the interaction of the aton’s orbital magnetic
dipole moment with the magnetic field? (b) What is the energy
separation between adjacent tevels? (c) What is the ensrgy separa-
tion between the level of lowest energy and the level of highest
energy?

§1.20 ++ CP A hydrogen atom undergoes a transition from a 2p
state to the Is ground state, In the absence of a magnetic field, the
energy of the photon emitted is 122 nim. The atom is then placed in
a strong magnetic field in the z-direction. Ignore spin effects; con-
sider only the interaction of the magnetic field with the atom’s
orbital magnetic moment, (a) How many different photon wave-
lengths are observed for the 2p —> s teansition? What are the m;
values for the initial and final states for the transition that leads to
each photon wavelength? (b) One observed wavelength is exactly
the same with the magnetic field as withous, What are the initial
and final m; values for the transition that produces a photon of this
wavelength? {c) One observed wavelength with the field is longer
than the wavelength without the field. What are the initial and final
m; values for the transition that produces a photon of this wave-
fength? (d) Repeat part (¢} for the wavelength that is shorter than -
the wavelength in the absence of the field. 3

Section 41.5 Electron Spin
41.21 »+ BP Classical Electron Spin. (a) If you treat an elecs
wron s a classical spherical object with a radius of 1.0 % 1074 m,
what angular speed is necessary to produce 2 spin angular momen:
tum of magnitude %ﬁ‘? (M Usev = rw and the result of part {2)
to calculate the speed v of a point at the electron’s equator. Wh
does your result suggest about the validity of this model? ‘
41.22 ++ Ahydrogen atom in the 1 = 1, m, —% state is pl
in a magnetic field with a magnitude of 0.480 T in the
+z-direction. () Find the magnetic interaction energy {in elect
volts) of the electron with the field. (b} Is there any orbital mé
netic dipole moment interaction for this state? Explain. Can th
be an orbital magnetic dipole moment interaction forn # 17
41.23 + Calculate the energy difference between the m
(“spinup™yand m; = —% (“spin down™) levels of a hydrogen atol!
in the Ls state when it is placed in a {.45-T magnetic field {he
negative g-direction. Which level, m; = 3 0f m; = ~%,
lower energy? .
4§1.24 » EP The hyperfine interaction in a hydrogen ;
between the magnetic dipole moment of the proton and the.Spif
magnetic dipole moment of the electron splits the ground leveld
two levels separated by 5.9 X 1078 V. (a) Calculate th
length and frequency of the photon emitted when the atom ™
transition between these states, and compare your answ!
value given at the end of Section 41.5. In what part of the &
magnetic spectrum does this lie? Such photons are emitte )
hydrogen clouds in interstellar space; by detecting these pho
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astronomers can learn about the number and density of such
clonds. (b) Calculate the effective magnetic field experienced by
the electron in these states (see Fig, 41.18). Compare your result to
the effective magnetic field due to the spin-orbit coupling caleu-
lated in Example 41.7.

41.25 « A hydrogen atom in a particular orbital angular momen-
tum state is found to have j quantum numbers % and %. What is the
letter that labels the value of [ for the state?

Section 41.6 Many-Electron Atoms

and the Exclusion Principle

41,26 + For germanium (Ge, Z = 32), make a list of the number
of electrons in each subshell {1s, 25, 2p,... ). Use the allowed val-
ues of the quantum numbers along with the exclusion principle; do
not refer to Table 41.3.

41.27 « Make a fist of the four quantum numbers n, I, m o and m;
for each of the 10 electrons in the ground state of the neon atom,
Do not vefer to Table 41.2 or 41.3.

41.28 «+ (a) Write out the ground-state electron configuration
(152,252, .. .) for the carbon atom. (b) What element of next-larger
Z has chemical properties similar to those of cartbon? Give the
ground-state electron configuration for this element.

41.29 »» (a) Write out the ground-state electron configuration (152,
252, ...} for the berylliom atom. (b) What element of next-larger Z
has chemical properties similar to those of berylium? Give the
ground-state electron configuration of this element. (c) Use the pro-
cedure of part (b) to predict what clement of next-larger Z than in
(b) will have chemical properties similar to those of the element you
found in part (b), and give its ground-state electron configuration,
41,30 « For magnesium, the first jonization potential is 7.6 eV.
The second ionization potential (additional energy required to
remove a second electron) is almost twice this, 15 eV, and the third
ionization potential is much larger, about 80 eV. How can these
numbers be understood?

41.31 + The 5s electron in rubidium (Rb} sees an effective charge
of 2.77Le. Calculate the ionization energy of this electron.

81.32 + The energies of the 4s, 4p, and 44 states of potassium are
given in Example 41.9. Calculate Z,¢ for each state. What trend do
your resulis show? How can you explain this trend?

41,33 + (a) The doubly charged ion N** is formed by removing
two electrons from a nitrogen atom. What is the ground-state elec-
tron configuration for the N> ion? (b) Estimate the energy of the
least strongly bound level in the L shell of N>*. (c) The doubly
charged ion P27 is formed by removing two electrons from a phos-
phorus atom. What is the ground-state electron configuration for
the P2 jon? (d} Estimate the cnergy of the least strongly bound
level in the M shell of P?*,

4134 + {a) The energy of the 2s state of lithium is ~5.301 eV,
Caleulate the value of Zyg for this state. (b) The energy of the 4s
state of potassium is —~4.339 V. Caloulate the value of Zog for this
state. (c) Compare Zoy for the 25 state of lithium, the 3s stafe of
sodium (see Example 41.8), and the 4s state of potassium. What
trend do you see? How can you explain this trend?

4135 + Estimate the energy of the highest-/ state for (a) the .
shell of Be* and (b) the ¥ shell of Ca*.

Section 41.7 H-Ray Spectra

41.36 + A K, x ray emitted from a sample has an energy of
7.46 keV. Of which clement is the sample made?

41.37 + Calculate the frequency, energy (in keV), and wavelength
of the K, x ray for the elements (a) calcium {Ca, Z = 20);
(b) cobalt {Co, Z = 27); (¢} cadmium (Cd, Z = 48).

! Problems 1401

4138 «+ The energies for an electron in the X, L, and M shells of
the mngsten atom are —69,500 eV, —12,000 eV, and —2200 eV,
respectively. Caleulate the wavelengths of the K, and & 5 X 1ays of
tungsten.

PROBLEMS

41.39 » In terms of the ground-state energy Ey ;5 what is the
energy of the highest level occupied by an electron when 10 elec-
trons are placed into a cubical box?

41.40 -+ CALC A particle in the thres-dimensional box of Section
41.2 is in the ground state, where ny = ny =ny = 1. {a) Catcu-
late the probability that the particle will be found somewhere
between x = 0 and x = L/2. (b} Calculate the probability that the
particle will be found somewhere between x = L/4 and x = Lf2.
Compare your results to the result of Example 41.1 for the proba-
bility of finding the particle in the region x = 0 to x = L/4.

41.41 +» EALT A particle is in the three-dimensional box of Sec-
tion 41.2. (a)- Consider the cubical volume defined by
D=x=1/40=sy=sL/M4amd)=sz= L/4. What fraction of
the total volurme of the box is this cubical volume? (b) If the parti-
cle is in the ground state (ny = 1, ny = l,nz = ) calculate the
probability that the pacticle will be found in the cubical volume
defined in part {a). {c) Repeat the calculation of part (b) when the
particle is in the state ny = 2,ny = 1,0y = 1.

41.42 +» CALE A particle is described by the normalized wave
function (x, y, 2} = Axe""“ze“‘sf e‘“’zz, where A, &, B, and y are
all real, positive constants. The probability that the particle will be
found in the infinitesimal volume dx dy dz centered at the point
{x0s y0, 20} is [#(xg, g, zo)|* dx dy dz. (a) At what vatue of xpis the
particle most likely to be found? (b) Are there values of xq for which
the probability of the particle being found is zero? If so, at what xq?
41.43 »» CALC A particle is described by the normalized wave
function lx, y, ) = Ae ¥ +5'+2 ), where A and o are real, posi-
tive constants. (a) Determine the probability of finding the particle
at a distance between r and r + dr from the origin. {Hint: See
Problem 41.42. Consider a spherical shefl centered on the origin
with inner radius r and thickness or.) (b} For what value of r does
the probability in part (a) have its maximum value? Is this the
same value of r for which |{x, y, £)|? is 2 maximum? Explain any
differences.

41.44 ++ €P CALL A Three-Dimensional Isotropic Harmonic
Oscillator.  An isotropic harmonic oscillator has the potential-
energy function I#{x, y, z} = %k’(x2 + y2 + 2%). Usotropic means
that the force constant &' is the same in all three coordinate direc-
tions.} (a) Show that for this potential, a solution to Eq. (41.5)
is given by ¢ = llfnx{-\’)'l’nr( YW {z). In this expression, g, (x)isa
solution to the one-dimensional harmonic oscillator Schrisdinger
equation, Eq. (40.44), with energy E, = (n, + )Jiw. The
functions ¥} and ¥, (2} are analogous ore-dimensional wave
functions for oscillations in the y- and z-directions. Find the energy
associated with this ¢. (b) From your results in part (a) what are
the ground-level and first-excited-level ¢nergies of the three-
dimensional isotropic oscillator? {c) Show that there is only one
state (one set of quantum numbers Ry Ry, and a,) for the ground
level but three states for the first excited level.

4145 «+ CP CALC Three-Dimensional Anisotropic Harmonic
Oscillator. An  oscillator has the potential-energy function
Ulx, 3, 2) = 3k4 (22 + y2) + Lksz?, where ki > k5. This oscil-
lator is called anisotropic because the force constant is not the
same in all three coordinate directions. (a) Find a general expression
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for the energy levels of the oscillator (see Problem 41.44).
fb) From your results in part (aj, what are the ground-level and
first-excited-level ensrgies of this oscillator? () How many states
(different sets of quantum numbers 71, ny, and 1) are there for the
ground level and for the first excited level? Compare to part (c) of
Problem 41.44.

41.406 *» An electron in hydrogen is in the 5f state. (a) Find the
targest possible value of the z-component of its angular momen-
turn. (b) Show that for the clectron in part (a), the corresponding
x- and y-components of its angular momentum satisfy the equation

VL + LY = V3

&1.47 »+ {2) Show that the total number of atomic states (including
different spin states) in a shelt of principal quantum number # is
2r2, [Hint: The sum of the first N integers 1+2+34+--+Nis
equal to N(N + 1)/2.] (b) Which shell has 50 states?

41,48 ++ (a) What is the lowest possible energy (in electron volts)
of an electron in hydrogen if its orbital angular momentum is
Vi (b) What are the largest and smallest values of the
z-component of the orbital angular momenturn (in terms of hy for
the electron in part (2)7 (¢) What are the largest and smallest vaiues of
the spin angular momentum (in terms of #) for the electron in pait
(2)7 (d) What are the largest and smallest values of the orbital angular
momentumn (i terms of #) for an electron in the M shell of hydrogen?
41.49 + Consider an ¢lectron in hydrogen having total energy
—(1.5440 eV. () What are the possible values of its orbital angular
momentur {in terms of )7 (b) What wavelength of light would it
take to excite this electron to the next higher shell? Is this photon
visible to humans?

41.50 » (a) Show all the distinct states for an electron in the ¥
shell of hydrogen. Include all four quantum numbers. (b) For an
{ electron in the ¥ shell, what is the largest possible orbital angu-
lar momentum and the greatest positive value for the component of
this angular momentum along any chosen direction (the z-axis)?
What is the magnitude of its spin angular momentum? Express
these quantities in units of . (c) For an clectron in the 4 state of
the A shell, what are the maximum and minimum angles between
its angular momentem vector and any chosen direction (the z-axis)?
{d) What is the largest value of the orbital angular momentum for
an F electron in the M shell?

41.51 + (2) The energy of an electron in the 4s state of sodium is
—1.947 eV. What is the effective net charge of the nucleus “seen”
by this electron? On the average, how many electrons screen the
nucleus? (b) For an outer electron in the 4p state of potassium, on
the average 17.2 inner electrons screen the nucleus. (1) What is the
effective net charge of the nucleus “seen” by this outer electron?
(ii) What is the energy of this outer electcon?

41.52 « CALC For a hydrogen atom, the probability P(r) of find-
ing the electron within a spherical shell with inner radius » and
outer radius r + dr is given by Bq. {41.23). For a hydrogen atom
in the 1s ground state, at what value of r does P(r) have its maxi-
mum value? How does your result compare to the distance
between the electron and the nucleus for the n = 1 state in the
Bohr model, Eq. (41.26)?

41.53 ++ DAL Consider a hydrogen atom in the s state. (a) For
what value of r is the potential energy U{r) equal to the total
energy E? Express your answer in terms of 4. This value of r is
calied the classical turning point, since this is where a Newtonian
particle would stop its motion and reverse direction. (b) For r
greater than the classical tuming poiant, U{#) > E. Classically, the
particle cannot be in this region, since the kinetic energy cannot be
negative. Calculate the probability of the electron being found in
this classically forbidden region.

41.58 + €P Rydberg Atoms. Rydberg afoms are atoms whose
outermost electron is in an excited state with a very large principal
quantum number. Rydberg atoms have been produced in the labo-
ratory and detected in interstellar space. {2) Why do ail neutral
Rydberg atoms with the same n value have essentially the same
ionization energy, independent of the total number of electrons in
the atom? (b) What is the ionization energy for a Rydberg atom
with a principal quantum number of 3507 What is the radius in the
Rohr model of the Rydberg electron’s orbit? {¢) Repeat part (b) for
n = 650,

41.55 ++» CALC The wave function for a hydrogen atom in the 25
state is

i ry _
gas{r) = ——“_‘m(2 - ;)e 7{2a

{a) Verify that this function is normalized. (b) In the Bohr model,
the distance between the electron and the nucleus in the n = 2
state is exactly 4a. Calculate the probability that an electron in the
25 state will be found at a distance less than 4« from the nucleus.
4156 ++ CALC The normalized wave function for a hydrogen
atom in the 2s state is given in Problem 41.55. (a) For a hydrogen
atom in fhe 25 state, at what value of r is P{r) maximum? How
does your result compare to da, the distance between the electron
and the nucleus in the n = 2 state of the Bohr model? {b) At what
value of r {other than r = 0 ot r = ©9) is P(¥) equal to zero, so
that the probability of finding the electron at that separation from
the nucleus is zero? Compare your result to Fig. 41.9.

41.57 ++ (2) For an excited state of hydrogen, show that the
smallest angle that the orbital angular momentum vector L can
have with the z-axis is

(BL)min = ﬂrCCOS("—n:—l—“)
Valn - 1)

(b) What is the corresponding expression for {0L)max, the larges
possible angle between L and the z-axis?

01.58 »+ (a) If the value of L, is known, we cannot kno
either 7., or L, precisely. But we can know the value of the quantit
VL2 + Ly?'. Write an expression for this quantity in terms of
my, and %. (b) What is the meaning of V L2 + L, (c) For astat
of nonzero orbital angular momenturn, find the maximum and min
imum values of VL + Lyl. Explain your results.
41.58 ++ CALL The normalized radial wave function for the 2
state of the hydrogen atom is Ry, = (1 / \/24a5)re”"2“. After
average over the angular variables, the radial probability fu
becomes P(r) dr = (Ryp)r? dr. At what value of ris P(r} f
2p state a maximum? Compare your results to the radius of
n = 2 state in the Bohr model.

4160 +» CP Stern-Gerlach Experiment. In a Stem-G
experiment, the deflecting force on the atom isF, = — o (dBf
where i, is given by Eq. (41.40) and dB,/dz is the magneti
gradient. In a particufar experiment the magnetic-field regio
50.0 ¢m long; assume the magnetic-field gradient is cons
this region. A bearm of silver atoms enters the magnetic field
speed of 525 m/s. What value of 4B,/ dz is required to give
ration of 1.0 mm between the two spin components as they &
field? (Note: The magnetic dipole moment of silver is the §
that for hydrogen, since its valence electron is in an [ = 0l
41.81 + Consider the transition from a 3d to a 2p state of hydr
in an external magnetic field, Assume that the effects of e




ignored {which is not actually the case) so that the
d interacts only with the orbital angular mf)ﬁl(_fﬂwm&
éﬁ"ziilbwed transition by the s, values of the 1mt-1ai aE
For each of these allowed transitions, determine the
Lansition energy from the zero-field value and show
three different transition energies. lenath
n atom in a 34 state emits a photon of wavelengt
when it decays to a 2p state. (a) What is the energy (;ﬂ
ts) of the photon emitted in this transition? (b) Use the
. described in Section 41.4 to find the allowed transt-
m is now in an external magnetic field qf 3.500 T.
ects of the electron’s spin. (c) For the casc il part (b,
of the 3 state was originally — 8.50000 eV WItl‘E r;o
eld present, what will be the energies of the states in g
lits in the magnetic field? (d) What are the allowe
s of the light emitted during transition in patt ®)7?

ALE Spectral Analysis. While studying the SP_ECU‘;‘E
in space, an astronomer magnifies a spactrai line tha
a-a transition from a p state to an s state. She ﬁfldS tf}af
050 rm has actually split into three 1ings, with adjai
162 nm apart, indicating that the gas is in an exferﬂt:i
eld. (Ignore effects due to electron spin.) What is ¢

(n = 2) state, by how much is each energy !
m_the zero-field value? (b) By how much is the wave:
H, line shifted from the zero-field value? IS lthe
creased or decreased? Disregard the effect of elec-
: Use the result of Problem 39.86(c).]

large number of hydrogen atoms in 15 St‘ates'Bﬁ
xternal magnetic field that js in the -+z-direction.
e atoms are in thermal equilibrium at room emper
0 K. According to the Maxwell-Boltzmani dlStI‘lbI:l'
on 39.4), what is the ratio of the number of atoms 12
state fo the number in the m, = — & state when tge
Id magnitude is (a) 5.00 X 10~ T (approximately the
b} 0.500 T; (c) 5.00 T?

ve Magnetic Field. An electron in a hydrogen
state. In a simple model of the atorm, assume that
cles the proton in an orbit with radius 7 equal to ﬂ.’lﬁ
forn = 2. Assume that the speed v of the orbit-
be calculated by setting L = pppr and taking L tc;
-mechanical value for a 2p state. In the frame ;)
ton orbits with radius r and speed V- Model the
a circular current loop, and calculate the mag”
uces at the location of the electromn. :
Universe. In another miverse, the electronisd
n a spin- particle, but all other physics a1 e
- Wniverse. In this universe, (a) what are the atoméc
ghtest two inert gases? (b) What is the grouhts
gifiguration of sodium?

2N with nuclear charge Z and a single elect
energy is -Ze?/dmregr and the expression for
tates and for the normalized wave functions are
)se for hydrogen by replacing 2 by Z€ 2. Cor{Slder
Lseven protons and one electron. (a) What is the
&Y in electron volts? (b) What is the iomzaugil
18Y required to remove the electron from the N

TOTE, the
the

Challenge Problems 1403

ion if it is initially in the ground state? (¢) What is the distance a
[given for hydrogen by Eq. (41.26)] for this ion? (d) What is the
wavelength of the photon emitted when the N®* jon makes a tran-
sition from the n = 2 state to the n = 1 ground state?

41.69 ++ A hydrogen atom inan n =2, I =1, m; = —1 state
emits a photon when it decaystoanr = 1,1 = 4, m; = 0 ground
state. (a} In the absence of an external magnetic field, what is.the
wavelength of this photon? (b) If the atom is in a magnetic feld in
the -+z-direction and with a magnitude of 2,20 T, what is the shift
in the wavelength of the photon from the zero-field value? Does the
magnetic field increase or decrease the wavelength? Disregard the
cffect of electron spin. [Hins: Use the resuit of Problem 39.86(c).]
41.70 -+ A lithium atom has three electrons, and the 25, /2 ground-
state electron configuration is 15%2s. The 15%2p excited state is
split into two closely spaced levels, 2P3/2 and *P, /2, by the spin-
orbit interaction (see Example 41.7 in Section 41.3). A photon with
wavelength 67.09608 um is emitted in the 2P3/2 - %3 /2 transi-
tion, and a photon with wavelength 67.09761 um is emitted in the
2p 2= ’s, /2 transition. Calculate the effective magnetic field
seen by the electron in the 1522p state of the lithium atom. How
does your result compare to that for the 3p level of sodium found
in Example 41.77

41.71 » Estimate the minimum and maximum wavelengths of the
characteristic x rays emitted by (a) vanadium (Z = 23) and
{(b) thenium (Z += 45). Discuss any approximations that you make.
41.72 +« CP Electron Spin Resonance. Electrons in the lower
of two spin states in a magnetic field can absorb a photon of
the right frequency and move to the higher state. (a) Find the
magnetic-field magnitude B required for this transition in a hydro-
genatora withn = 1 and / = 0 to be induced by microwaves with
wavelength A. (b) Calcalate the value of B for 2 wavelength of
3.50 cm. '

CHALLENGE PROBLEMS

41,73 +++ Each of 2¥ electrons {mass m) is free to move along the
x-axis. The potential-energy {function for each electron is
Ux) = %k’xz, where k' is a positive constant. The electric and
magretic interactions between electrons can be ignored. Use the
exclusion principle to show that the minimum energy of the sys-
tem of 2N electrons is AN*Vk'/m. (Hint: See Section 40.5 and
the hint given in Problem 41.47.)

41.74 »++ CP Consider a simple model of the helium atom in
which two electrons, each with mass m, move around the nucleus
(charge +2¢) in the same circular orbit. Each electron has orbital
angular momentum # (that is, the orbit is the smallest-radius
Bohr orbit), and the two electrons are always on opposite sides of
the nucleus. Ignore the effects of spin. (a) Determine the radius
of the orbit and the orbitat speed of each electron. [Hins: Follow
the procedure used in Section 39.3 to derive Egs. (39.8) and
{39.9). Each electron experiences an attractive force from the
nucleus and a repulsive force from the other electron.} (b) What
is the total kinetic energy of the electrons? (¢c) What is the poten-
tial energy of the system (ihe nucleus and the two electrons)?
{d) In this model, how much energy is required to remove both
electrons to infinity? How does this compare to the experimental
vahue of 79.0eV? '

#1.75 ++» CALL Repeat the calculation of Problem 41.53 for a
one-electron ion with nuclear charge 7, (See Problem 41.68.) How
does the probability of the electron being found in the classically
forbidden region depend on Z?
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Chapter Dpening Question ?

Helium is inert because it has a filed K sheli, while sodium is very
reactive because its third electron is loosely bound in an L shell.
See Section 41.6 for more details.

Test Your Understanding Questions

41.1 Answer: (iv) If U{x, y, z) = 0 in a certain region of space,
we can rewrite the time-independent Schrédinger equation
[Eq. (41.5)] for that region as a%/ax* + dhpfay* + dhpfot =
{—2mE/AY). We are told that all of the second derivatives of
¥{x, y, z) are positive in this region, so the left-hand side of this
equation is positive. Hence the right-hand side (~2mE/ﬁ2)¢r must
also be positive. Since E > 0, the quantity —EmE/ﬁ2 is negative,
and so §r{x, y, z) must be negative.

#1.2 Answer: (iv}, (i), () and (jil) (tie) Equation (41.16) shows
that the energy levels for a cubical box are proportional to the
quantity »n X+ ny* +n 2. Hence ranking in order of this quan-
tity is the same as ranking in order of energy. For the four cases we
are given, we have (i) nx® + ny” + ngt =22 + 3%+ 2% = 17
() g + ng? + gt =4+ £ 4+ 1= 18 (i) ny +nyt +
ng? =12%+ 2 3+32 =17, and (V) nxz + !lyz + gt =
12 4+ 3% 4 32 = 19, The states {ny, ny nz) = (2,3,2) and {nx.
ny, nz) = (2,2, 3} have the same energy (they are degencrate).
41.3 Answer: (if) and {iii} (tic), (i} An electron in a state with
principal quantum number a is most likely to be found at r = n’a.
This result is independent of the values of the quantum numbers {
and m,. Hence an electron with n = 2 (most likely to be found at
r = 4a) is more likely to be found near r = Sa than an electron
with n == | {most likely to be found at r = a).

41.4 Answer: no All that matters is the compenent of the elec-
tron’s orbital magnetic moment along the direction of B. We catled
{his quantity g, in Eq. (41.32) because we defined the positive
z-axis to be in the direction of B. In reality, the names of ihe axes
are entirely arbitrary.

415 Answer: (iv) For the magnetic moment to be perfectly
aligned with the z-direction, the z-component of the spin vector §
would have to have the same absolute value as S, However, the
possible values of 5, are * 3% {Bq. (41.37)}, while the magnitude
of the spin vector is § = \/gﬁ {Eq. (41.38)]). Hence § can never
be perfectly aligned with any one direction in space.

41.8 Answer: more difficult If there were no exclusion principle,
all 11 electrons in the sodium atom would be in the level of lowest
energy (the s levet) and the configuration would be 15!, Conse-
quently, it would be more difficult to remove the first electron. (fn
a real sodium atom the valence electron is in a screened 3s state,
which has a comparatively high energy.)

41.7 Answer: (iv) An absorption edge appears if the photon
energy is just high enough to remove an electron in a given erergy
level from the atom. In a sampie of high-temperature hydrogen we
expect to find atoms whose electron is in the ground level
(n = 1), the first excited level (» = 2), and the second excited
tevel (n =3). From Eq. (4121) these levels have energies
E, = (—13.60 6V)/n® = —13.60eV, —3.40eV, and —1.5teV
{see Fig. 38.9b). '

Bridging Prohlem

Answers: (2)2.37 X 107%m
(b) Values of {ny, ny, ng, m,) for the 22 electrons: (1,1,1,+3),

(LLL-3, (@uL+), (2L - (L2 L+,
(L2, L,-4), (LL2,43), (LL2 D, 202+,
(22,L,-5  @u2+)), (L2 - (L,2.2,43),
(L2,2,-4), (G LL+) @Gul b (L3 L)
(1,31, —%), (LL3,+H),  (LL3-h (222+)
(2.2,2,-3) '

(c)20.1 eV, 40.2 ¢V, 603 eV, 73.7 ¢V, and 80.4 eV
(d) 60.3 eV versus 4,52 X 10 eV




