Chapter 31
Atomic Physics

Answers to Even-numbered Conceptual Questions

2.

10.

12.

14.

16.

18.

20.

There are many such reasons, but perhaps the most important is that orbiting electrons in
Rutherford’s model would radiate energy in the form of electromagnetic waves, with the
result that atoms would collapse in a very small amount of time.

The observation that alpha particles are sometimes reversed in direction when they strike a
thin gold foil led to the idea that there must be a great concentration of positive charge and
mass within an atom. This became the nucleus in Rutherford’s model.

In principle, there are an infinite number of spectral lines in any given series. The lines
become more closely spaced as one moves higher in the series, which makes them hard to
distinguish in practice.

Referring to Equation 31-8, we can see that doubling the electron’s mass would double its
ionization energy. This result follows from Equation 31-5, where we see that the radius of
an electron’s orbit is inversely proportional to the mass, and from Equation 31-6, where
we see that the speed of the electron is independent of its mass. Combining these results
shows that the total (negative) energy of the electron would double with its mass, as would
the energy required to ionize the atom.

The lowest-energy photon this electron could absorb would be one that would raise it
from the n = 1 orbit to the n = 2 orbit. Referring to Figure 31-9, we see that the energy of
this photon is given by the following relation:
AE=E.—E = -340eV—-(-13.6eV)=10.2¢eV.

First, note that the radius of a Bohr orbit depends on n’, and that the potential energy of
the atom depends on 1/r. The potential energy, then, depends on 1/ n”. It follows that
the potential energy in the (n + 1) Bohr orbit is Un >/ (n + l)z .

If an electron in the ground state absorbs a photon with an energy of 13.6 eV it will be on
the verge of dissociation.

There is no upper limit to the wavelength of lines in the spectrum of hydrogen. The
reason is that the wavelength is inversely proportional to the energy difference between
successive energy levels. The spacing between these levels goes to zero as one moves to
higher levels, and therefore the corresponding wavelengths go to infinity. There is a
lower limit to the wavelength, however, because there is an upper limit of 13.6 eV to the
energy difference between any two energy levels.

Figure 31-18 shows that there are 10 states that can hold electrons in the 3d subshell, and
a total of 8 electron states in the n = 2 shell.

This carbon atom is in an excited state. This is clear from the fact that there is room for
one more electron in the 2p subshell, but instead, this electron is in the 3s subshell. Since
the energy of the 3s subshell is greater than that of the 2p subshell, this atom has more
energy than it would in its ground state.
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22.

24,

26.

28.

All of these questions can be answered by referring to Figure 31-17 and Table 31-3.
(a) Not allowed; there is no d subshell in the n = 2 shell. (b) Not allowed for two
reasons. First, there is no p subshell in the # = 1 shell. Second, a p subshell cannot hold 7
electrons. (¢) Allowed. (d) Not allowed; the n = 4 shell does not have a g subshell.

No. Atoms in their ground states can emit no radiation. Even if an electron dropped from
a highly excited state to the ground state in one of these atoms, the result would not be an
X ray. The reason is that the binding energy of these atoms is simply much lower than the
energy of a typical X-ray photon.

These elements all have similar configurations of their outermost electrons. In fact, the
outermost electrons or fluorine, chlorine, and bromine are 2p5 , 3 ps, and 4p5 s

respectively. Therefore, each of these atoms is one electron shy of completing the p
subshell. This accounts for their similar chemical behavior.

The radiation that is absorbed by a fluorescent material has a smaller wavelength than the
radiation it emits. See Figure 31-29 for a specific example. Note that a smaller
wavelength implies a higher frequency, and hence a higher energy for the corresponding
photon. This, in turn, is in agreement with the physical mechanism illustrated in Figure
31-28.
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9. (a) The longest wavelength in the Lyman series corresponds to n =2. R =1.097x 10" m™'.

1
lzzmz

12 22

(b) The shortest wavelength in the Paschen series corresponds ton — . R =1.097 x 10" m™.

7(3-0)

10

—1 -1
7 -1
10. z:[R(n—{z—an)} :[(1.097><10 m )(n%—n%ﬂ

(a) Paschen Series Brackett Series
n'=3 n'=4
Forn=4, A =1.875 ym. Forn=5, 1 =4.051 ym.

For n > o0, 4 =0.8204 um . For n —»> o0, A =1.459 ym.
0.8204 ym < Ap <1.875 um 1.459 ym £ g £4.051 um

| The series overlap in the range 1.459 yum < 4 <1.875 um .

(b) Balmer Series Paschen Series
n'=2 0.8204 ym < Ap <1.875 um
Forn=3, 1=0.6563 um.
For n > o0, 4 =0.3646 ym.
, there is no overlap of the Balmer series with the Paschen series.

2
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_ _ 1 1)_
14. AE=Es—E, =(-13.6 eV)(S—Z—Z—z)— 2.86 eV

2
15. (a) p,=my, :m(zﬂke j
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17.

19.

20.

E,=E;+123eV
—13.2 eV:—l3.§ Vi 23ev
n 3
11 123
22 9 136
1123\
n=| L L=
9 136
=6.96
=17]
l:]{%_%}
A ng n
11 1
AR nfz ni2
Solving by trial and error, we find that‘ni =3andn; =2|
! — =0.139:i2—i2
(656 nm)(1.097 x10" m™~ 2% 3
11
(a) |AE|=Rhc[—2——2]
ng N
1 1
=(1.097x10" m~1)(6.63x107>* J-s)(3.00><108 Ej ——
s \3%2 52
=|1.55x1071% J

(b) The energy of the photon would be that found in part (a), since the absolute values of the lower n
energy state differences are greater than those of the higher n energy state differences, and in both cases
An=12.

© |AE|=(1.097x107 m™)(6.63x107* J-5)| 3.00x10° 2 Ao 42741020
s )\52 72

(a) The longest wavelength photon is emitted by the transition with the smallest |AE | The smallest |AE | results

from transition (iii) because An =1 is the smallest An and (iii) involves the highest states of the four

transitions.

A= ! ! =[1.906x107° m

R(lz_lzj (109710 m*l)(#—g%)

n ng

(b) The shortest wavelength photon is emitted by the transition with the largest |AE | The largest |AE | results

from transition (ii) because An =6 is the largest An and (ii) involves the lowest state, n = 2, of the four
transitions.

A= ! ! —13.889x1077 m

R(lz—lj (1097107 m*l)(i_i)

2 2
ny an 2 8
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(¢) The atom loses energy in transition because the electron drops from a higher to a lower energy state,
thus emitting a photon.
h2
2. (@) n=———
47° mke?
(6.63x10734J.5)?

477 (207)(9.11x107! kg)(8.99><109 Nggz )(1_60X 1071° )2

=[257%x10 B m

(b) The wavelengths in the Balmer series of muonium will be those for hydrogen because the
wavelength is inversely proportional to the particle’s mass.

(¢) The longest wavelength photon results when n = 3.

A= 1 | 1 ( ):

- - 7 -1
207R(L—k) 2070097107 m(} -4
2,2
22. (a) 7, :%
A mkZe
42(6.63x107% J.5)?
=

2
472(9.11x107! kg)(8.99x109 N(‘:’;‘ )(3)(1.60><1019 C)?

=1 2.83%x10710

(b) The energy required to raise an electron from the n = 4 state to the n = 5 state in Li%* is that

for hydrogen because the force on the electron due to the three protons in the Li%* nucleus is stronger than
that due to the single proton in the hydrogen nucleus.

(¢) hydrogen

1 1
|AE| = hCR[n—z——ZJ

i ng

1 1
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n ng :
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1

2 1
2R(L-5)

The shortest wavelength occurs when n — oo.
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25. (a) K, :%mv,z,

2
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(b) It becomes a smaller negative number and thus , since positive work is done on the electron to move
it farther away from the nucleus.
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272mke* [ 1 1
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As n becomes very large,
2n-1 2
n*—2n® +n? n

Substitute 2/ n’ into the frequency from part (a) and compare to that from part (b).
B 27%mkret (2 B 4’ mk? e _
I V) U

3
n
| For very large n, the frequency of the emitted photon is the same as that of the electron’s orbital motion].

2
29. 4, ="
n

4 =2 92(529%10 my = [ 3.32x10710 m
30. nA=2xr

nA, =2rr,

2,2
-2n| S
47" mke
. nh?
2mke”

31. There are five wavelengths, which corresponds to the n = 5 state of hydrogen.

rs =521 =25(529x10"" m)=[1.32x10° m

2 2 2 —34 2
32. (a) sz—zi(ﬁj __h 5= (6'6§1X10 1:5) T 1eV19 =1 0.6 keV
2m  2m\ 4 2mA=  2(9.11x107°" kg)(0.5x107"" m)~ | 1.60x10"~ J
2 -34 2
®) K- h - (6.63x§? J s)15 2( 1ev_19 ): 2102 oV
2mA% 2(9.11x10 kg) (107" m)? L 1.60x1071° J

33. (=0,1,2, ..., (n-1)

n—-1=5-1=4
The allowed values are ¢ =|0, 1, 2, 3, 4.
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34.

3s.

36.

37.

38.

my=—{, —{+1,-0+2,...,-1,0,1,...,0=2,0(-1(
n—1=4-1=3=max ¢

my=-3, -2, -1,0,1,2,3

There are | 7 | possible values of m,.

L=

()

(b)

©

(@

(@)

(b)

©
(@

(b)

©

(b)

JI+D) (h/27)
J6 = Ji(0+1) yields ¢ =

J15 = \/f(€+1) — no integer ¢ exists|

V30 = Ji(0+1) yields ¢ =[5 ]

V36 = \/€(£+1) — no integer / exists|

34
L =34 (h/zn):\/ﬁ(ﬁ“;lo 19 _[3.66x107 1.5
T

Physics: An Introduction

It is [greater], because an 1 = 5 state is farther from the nucleus and has a smaller negative energy.

It is [greater], because ¢ =3 for an fsublevel and ¢ =2 for a d sublevel.

108/57 = Je(0+1)

5700 = £(¢ +1)
02 +0-5700=0

—1+/1- 4(1)(~5700)

Using the quadratic formula, ¢ = 5

—-1+£151 . .
[ = =| 751, —76. Reject =76 since ¢ > 0.
=175 i

Because (., =n—1 and n> /0, ny =0 . +1 =.

o =20 ‘;V =[-0.00235 eV

£y =
T13.6 eV
"\ Z0s544 ev -[5]

Umax =n=1=5-1=4, so L=\J4(5) (h/27)=

V20(6.63x107 J.5)
2
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(¢) For a given value of / there are 2/ +1 possible values of m, and for each value of m, there are 2 possible

values of mg. Thus, there are 2(2¢+1) states in each ¢ sublevel: For £ =3, 2(2(+1) = .

39. (a) Because the maximum magnetic quantum number in state I is greater than that in state II, /| is greater than

¢y and, therefore, Ljis Ly.

(b) maximum my;; =3 —>/; =3
maximum myp =2 — =2
h__«&M1+D£;_ﬁB@+D__JE

Ly Jiy(g+D o 202+1)

40. Carbon has six protons (Z = 6) and six electrons.

1522522 p2

41. n ¢ m, m,

1s! 1 0 0 | -3

1s? 1 0 0 1

25! 2 0 0o | -1

257 2 0 0 1

2p! 2 1 -1 ] -1

2 1

2p 2 1 -1 3

2p° 2 1 0 -1

4 1

2p 2 1 0 5

2p° 2 1 1 -1

6 1

2p 2 1 1 3

42. Nitrogen has seven protons (Z = 7) and seven electrons.

1522522 p3
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43. Inthe 3s subshell, n=3, =0, m;, =0,and mg = i%.
n 4 my Mg
3 0 0 -1
3 0 0 1
44. Inthe 3p subshell, n=3, (=1, m, =-1, 0, 1, and mg = i%.
n 4 my mg
3 1 -1 -1
3 1 -1 1
3 1 0 | -1
3 1 0 1
3 1 1 -1
3 1 1 1
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45. n b4 ny mg
15! 1 0 0 —%
2 1
s 1 0 0 3
25! 2 0 0 —%
2 1
2s 2 0 0 1
2p! 2 1 -1 | -1
2 1
2p° 2 1 o | -1
4 1
2p° 2 1 1 -1
6 1

1 1
3s 3 0 0 =
2 1

46. Nickel has 28 protons (Z = 28) and 28 electrons.

1522522 p®35%3p03a8 452

47. For each /¢, there are 2(2/+1) states.

(@A n=2
1=0,1

total number of states = 2[2(0) + 1]+ 2[2(1)+1]=2+6 =

() n=3
1=0,1,2

total number of states = 2[2(0) + 1]+ 2[2(1) + 1]+ 2[2(2) +1]=2+6+10 =

(©) n=4
1=0,1,2,3

total number of states = 18+ 2[2(3)+1] = 18+14 =
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48. The states are given by

n—1 n—l1
D220+ =2 20+ 1) =2{143+5+..+[2(n =D +1]} =2[14+3+5+...+ 2n-1)]
(=0 (=0

The sum in the brackets is the arithmetic series

n—1
143+5+...+2n-1)=n*. So, Y 2(20+1)=2n",

(=0
49,

n é mf ms

1 1

5d 5 2 -2 -5

2 1

5d 5 2 -2 1

3 1

5d 5 2 -1 =

4 1

5d 5 2 -1 3

5 _1

5d 5 2 0 5

6 1

5d 5 2 0 1

7 1

5d 5 2 1 =

8 1

5d 5 2 1 3

9 _1

5d 5 2 2 5

10 1

5d 5 2 2 1

50. |AE|="<
A
P he
|AE]
2 2
AE = Ex —E; =—(13.6 e\/){(28 D" _@8-) }: ~7.44keV
12 22

34 8
(6:63x10 J-s)(3.00><10 f:)[ LoV

A= = -0.167 nm
7435.8 eV 1.60x1019JJ

51. |AE|=E - Ex = —(13.6 eV)(82-1) (iz—iz} =
22

34 1. 8 m
he  (6:63x10 Js)(3.00><10 S)

c leV
A= |AE| 8500 eV-2125 eV ( j -

1.60x10710 1
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34 8
g (663x10 J-s)(3.00><10 g)

53. |AE =9.70x107"° J

A 0.0205x10™° m
|AE|= E - Ex =—(13.6 eV)(Z ~1) (%—1) =9.70x107"% J

(Z -1)* =5940
Z-1=77

(z-1)* 2
54. (a) Kpp, =|Ex|=(13.6 eV)1—2)= (13.6 eV)(78-1)" =| 80.6 keV
(b) 7=[80.6 kV]

. ol (6.63x10734 J~s)(3.00><108 %)
e 193x10~° m

=[1.03x10718 J

 AEgm  (193x1077 m)(1.58x1071 J)

(b) Etotal
Ephoton ~ h¢ (6.63x1073* J~s)(3.00><108 %)

=|1.53x10° photons

56. (a) P = (number of photons per second)(energy per photon)

oy (6:63x107 J~s)(3.00><108 %)
— (1.36x101° s71)

SEEa

. 1 . .
(b) Since Poc 7 and since 414 nm < 514 nm, the power output of the second laser is that of the

514x10™° m

first.

(6.63x10734 J~s)(3.00><108 g)

(©) P=(1.36x10" s =[6.53 W

414x107° m

57. E=if =E
-19 7J
a3 eV)(l.60><10 W)

—|3.28x10" Hz

6.63x107% J.s
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| b=y

58. (a) p=

Q= o

Rhe 11

= (1.097x107 m 1)(6.63x1073 ] ~s)(%—%)

=(1.36x107%7 kg-m/s

(b) mv=p

v="—
m

1.364x107%7 kg-m
— s
1.674x107%7 kg

1o
2 42

J: (1.097x107 m ™ )(6.63x 104 J~s)(3.00x108 %)(l—ij —| 4.09x10719 J

59. (a) E = Rhc
4 16

(b) Pphoton =
The magnitude of the atom’s momentum must equal that of the photon.

2 2 -19 2
_r E° (4.09x10 )i —1555%10°28 ]

N 2 2
2m 2me 2(1.674x1(r27kg)(a.ooxlo8 %)

(¢) They are because of conservation of energy.

60. EkT=E=Rhc(i2—i2j
2 2 2
(1.097x107 m 1)(6.63x1073* J-5)(3.00x10% ™
_Rhe _ ( S)= 79,100 K
2k 2(1.38><1o—23 %)
-3
61. (a) — = - 42.75x10 7 J) =1 2.74x10"° W/m?

1xd®Ar 7(32.0x10°° m)2(1.25%107 s)

2 9 2
(b) Emolzg(%ﬂdmolzJ:E[%j :(2.75x103J)[WJ =[1.13x10712 5
zd 32.0x107" m

2 . -3l -
62. (a) 1=C =220 g [2M 500107 my [2OIXI0 T K Fs, g6
v 2K K (13.6 ev)(l.60><10’19 J)

m leVv
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-19

1.52x10716 ¢

63. (a) The total and kinetic energies of hydrogen atom Bohr orbits are given by —ke® / (2r) and ke? / 2r),
respectively.
So, K=|0.85¢eV|
(b) U=E-K=-0.85eV-0.85eV=|-1.70eV

64. (a) The energy required to remove the last electron from a singly ionized helium atom is
E=(13.6eV)(2)? =544 ¢V.

This is the largest transition energy associated with helium. Since energy is inversely related to wavelength,
this energy corresponds to the smallest wavelength observed due to helium.

—34 8 m
pe (66310 J-s)(3.00><10 ;)
=—= =|22.9 nm
E (54 4 ev)(l.()OXlO*lg J)
) 1evV

A

(b) |E|= % = 4hcR [L—l]

nf2 n12

111
n? n? 4R
By trial-and-error, we find that ‘ni =16 and n; = 4|.

1 1 1
—2——2200586: 9 7 1
4° 16 4(388.9x1077 m)(1.097x10" m™")

65. @ 36h*
@ E—
4r*mkZe?

36h*

Z="5 5

4r " mke”rg

36(6.63x1074 J-5)?

47%(9.11x1073! kg)(8.99><109

2
Ng;‘ j(1.60><1019 )2 (2.72x107'° m)

=7.03

=[7]
(b) Ey=-(13.6 eV)Z—zz—(B 6 eV)ﬁz
3 . 32 . 9 .
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66. Ex =—(13.6 eV)@ = —(13.6 eV)(42-1)*> = —1681(13.6 eV)
1

(42-9)> 1089

72
M =—(13.6 eV)(2327) =—(13.6 eV)———=——(13.6 ¢V)
~34 8 m
e (6.63x10* 1-5)(3.00x10 ;)
A== =10.0586 nm
AE]| (1366\,)[_1681_(71089)} 1.60x10" J
’ 9 1 eV
67. Ep =—(136¢ V)(Z D’ _ ——(13.6ev) 2 2’ 1600(136 eV)
Ey =-(13.6 ev) £ D’ _ (136 en)EED )’ 1089(136 eV)
32
34 8 m
e (6.63x103* 1-5)(3.00x10° )
A= = =10.328 nm
AE| ‘(136eV)[—M_(_1089)}(1.60x10’19J)‘
’ 9 leVv

68. (a) nf = Ephoton =—AEyom = —(Er — Ej)

he e _ g _g
A
For He', E, = _{13:6eV)@) since Z = 2.

n2

1o {_ 544V (-544 eV)}

_(54.4 evj 11
e Nt

Since 54.4 eV > 13.6 eV, Cis R

-19
by €= CHAVL0x10T vev) ot S

(6.63x107% 1-$)(3.00x10% mys)

(¢) Pickering: l=(4.3.8x107 m™) L 0152x107 m!
A 42 62
A =6.58x10"" m =658 nm
Balmer:
11
22 32

%=(1.097><107 m™! ( j:0.152><107 m™!

A =658 nm
For n = 6, the assertion is verified.

320

Physics: An Introduction



Physics: An Introduction Chapter 31: Atomic Physics

69. (a) 1, =(529x107"" mn?

-6
11 8.0x10 llm :
V529><10 5.29%x10° " m

(b) l_(l 097x10” m~ )(Lz—%) 0.374 m™!
A 388~ 389
4=[267m]

(c) As n decreases, the energy levels are farther apart, so as n decreases, the energy released is greater. Since

Ao é the wavelength is that found in part (b).

fi
70. (@) L=rmv, solL, =r,mv, =nh, andr, = =
my,
Now,
2
B
Fop = = gBv. So, v, =292,
7 m
Substitute.
nh
r, =
mv,
_nh( m
" m r,qB
L2_nh
n qB
.o |
n qB

B
) v, =228 9B i\ 1 poEn
m

wheren=1, 2, 3,

2 2 2
(b) E, =Ln :L[ﬂj 2| | wheren=1, 2.3, .
2m 2m 8mL2

e _ 2rr, 2 (27rmrn j _ 47r2mrn2 _ 47r2m( n*n? ]_ n’h T1n3
n

nh nh \16z*m*k*e _47r2mk2e4_
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