Chapter 39

1. According to Eq. 39-4, E, oc L 2. As a consequence, the new energy level E', satisfies

Ei _ H _ H 1
E. (L L) 2

which gives L’ =~/2L. Thus, the ratio is L'/ L =2 =1.41.

2. (a) The ground-state energy is

2 6.63x10*J-s)’
E, =[h—j n? = (663~ ) 5 | (1) =1.51x107)
8(9.11x10*'kg) (200x10**m)

(b) With m, = 1.67 x 10~ %' kg, we obtain

2 6.63x10%J-s)’
E = (h—zl n? = ( ) - | (1) =8.225x107%2)
8m, L 8(1.67x10*"kg) (200x10 ** m)

=5.13x10°eV.

3. Since E, o« L2 in Eq. 39-4, we see that if L is doubled, then E; becomes (2.6 eV)(2) 2
=0.65eV.

4. We first note that since h = 6.626 x 10°* J-s and ¢ = 2.998 x 10° m/s,

) (6.626x107J-5)(2.998 x10° m/s) 12406V
: (1602x107° 3/eV)(10° m/ nm) °

Using the mc? value for an electron from Table 37-3 (511 x 10° eV), Eq. 39-4 can be
rewritten as

_n?h? _ n?(hc)’
" 8mL2 8(mc*)L*
The energy to be absorbed is therefore

1687
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e g g (&L 15(hef’  15(1240eV-nm)’ 9036V
7 eml® 8(mc’)L® 8(511x10%ev) (0.250nm)"

5. We can use the mc? value for an electron from Table 37-3 (511 x 10° eV) and hc =
1240 eV - nm by writing Eq. 39-4 as

_n?h? _ n?(hc)’
"emL: 8(mc?)L’ '

For n = 3, we set this expression equal to 4.7 eV and solve for L:

L nhe) _ 3(1240eV-nm) 085nm.
J8(me?)E, [8(511x10%eV)(4.7eV)
6. With m = m, = 1.67 x 10 *" kg, we obtain
2 6.63x10* J.s)
E, = [h—zj n? = (665 ) > 1(1)° =3.29x107% 1 =0.0206eV.
8mL 8(1.67x10 " kg) (100x10* m)

Alternatively, we can use the mc? value for a proton from Table 37-3 (938 x 10° eV) and
hc = 1240 eV - nm by writing Eq. 39-4 as

£ n?(hc)’
n 8mL2 - 8(mpCZ)L2 '

This alternative approach is perhaps easier to plug into, but it is recommended that both
approaches be tried to find which is most convenient.

7. To estimate the energy, we use Eq. 39-4, with n = 1, L equal to the atomic diameter,
and m equal to the mass of an electron:

2 1) (6.63x10*J-s)’
Eon?_t = (1) (663~ ) - =3.07x107°J=1920MeV ~1.9 GeV.
8mL"  8(9.11x10*'kg)(1.4x10™*m)

8. The frequency of the light that will excite the electron from the state with quantum
number n; to the state with quantum number ny is

_AE h (n?_nz)

h  emL?
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and the wavelength of the light is

The width of the well is

L !lhc(nf -n?)
8mc®>

The longest wavelength shown in Figure 39-27 is A =80.78 nm, which corresponds to a
jump from n. =2 to n, =3. Thus, the width of the well is

ahc(n? —n? : P2
. W _ [®078 nm)1240eV - nm)(EF=2%) _ o ag o
8mc 8(511x10°eV)

9. We can use the mc? value for an electron from Table 37-3 (511 x 10% eV) and hc =
1240 eV - nm by rewriting Eqg. 39-4 as

_n%h? _ n?(hc)’
"emL: 8(mc?)L’ '

(a) The first excited state is characterized by n = 2, and the third by n' = 4. Thus,

~ o (he) . o\ (1240eV-nm)’ 92— (6.026V) (16
AE_S(mcz)Lz (n?-n )_8(511><1036V) (0.250nm)’ (#-7)=(80zeV) (16-4)

=72.2eV.

Now that the electron is in the n' = 4 level, it can “drop” to a lower level (n") in a variety
of ways. Each of these drops is presumed to cause a photon to be emitted of wavelength

Lo he 8(me’)L? |
E,—E, hc(n”-n"?)

For example, for the transition n' = 4 to n" = 3, the photon emitted would have
wavelength

_ 8(511x10°eV)(0.250nm)’
 (1240eV-nm)(4*-3)

=29.4nm,

and once it is then in level n" = 3 it might fall to level n™ = 2 emitting another photon.
Calculating in this way all the possible photons emitted during the de-excitation of this
system, we obtain the following results:
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(b) The shortest wavelength that can be emitted is A, , =13.7nm.
(c) The second shortest wavelength that can be emitted is A, ,, =17.2nm.
(d) The longest wavelength that can be emitted is A, , =68.7nm.

(e) The second longest wavelength that can be emitted is A, ,, =41.2nm.

(f) The possible transitions are shown next. The energy levels are not drawn to scale.

n=4

(9) A wavelength of 29.4 nm corresponds to 4 — 3 transition. Thus, it could make either
the 3— 1 transition or the pair of transitions: 3— 2 and 2 — 1. The longest wavelength
that can be emitted is A, , =68.7nm.

(h) The shortest wavelength that can next be emitted is A, , =25.8nm.

10. Let the quantum numbers of the pair in question be n and n + 1, respectively. Then

Env1 — En = E1 (n + 1) — Ein? = (2n + 1)EL.
Letting

E..—E,=(2n+1)E, =3(E, - E,)=3(4°E, -3 E,) = 21E,,

nl
we get 2n +1 =21, or n = 10. Thus,

(@) the higher quantum numberisn+1=10+1 =11, and
(b) the lower quantum number is n = 10.

(c) Now letting

E..—E,=(2n+1)E, =2(E, - E,) =2(4°E, -3°E,) = 14E,,

n+1
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we get 2n + 1 = 14, which does not have an integer-valued solution. So it is impossible to
find the pair of energy levels that fits the requirement.

11. Let the quantum numbers of the pair in question be n and n + 1, respectively. We note
that
(n+2)°h? n’h?  (2n+1)h?
Er1+1 - En = 2 - 2 = 2
8mL 8mL 8mL

Therefore, En+; — En = (2n + 1)E;. Now

E,.—E,=E;=5E, =25E, =(2n+1)E,,
which leads to 2n + 1 = 25, or n = 12. Thus,
(@) The higher quantum numberisn+1=12+1=13.

(b) The lower quantum number is n = 12.

(c) Now let
E,.—E,=E;=6°E, =36E, =(2n+1)E,,

which gives 2n + 1 = 36, or n = 17.5. This is not an integer, so it is impossible to find the
pair that fits the requirement.

12. The energy levels are given by E, = n*h%8mL?, where h is the Planck constant, m is
the mass of an electron, and L is the width of the well. The frequency of the light that will
excite the electron from the state with quantum number n; to the state with quantum
number ny is

AE h(2 3

=T = (N =1
h  8mL
and the wavelength of the light is
2
1:32%.
f h(nf-n)

We evaluate this expression for nj = 1 and n; = 2, 3, 4, and 5, in turn. We use h = 6.626 x
103 -5, m=9.109 x 10" *kg, and L = 250 x 10" ** m, and obtain the following results:

(a) 6.87 x 10~ ® m for n; = 2, (the longest wavelength).
(b) 2.58 x 10~ ® m for n; = 3, (the second longest wavelength).

(c) 1.37 x 10" ® m for n; = 4, (the third longest wavelength).
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13. The position of maximum probability density corresponds to the center of the well:
x=_L/2=(200 pm)/2=100 pm.

(a) The probability of detection at x is given by Eq. 39-11.:

P(X) = (x)dx = {\/%sin(n% XH dx = %sinz (”T” xj dx

For n=3, L=200 pm, and dx=2.00 pm (width of the probe), the probability of
detection at x=_L/2=100 pm is

p(x:L/2):Esinz(s—ﬂ-kjdx:gsinz(s—ﬂjdx:gdx: 2 (2.00 pm)=0.020.
L L 2 L 2 L 200 pm

(b) With N =1000 independent insertions, the number of times we expect the electron to
be detected is n= Np =(1000)(0.020) = 20.

14. From Eq. 39-11, the condition of zero probability density is given by
. (nx nz
sinf —x [=0 = —Xx=mrx
( L j L

where m is an integer. The fact that x=0.300L and x=0.400L have zero probability
density implies
sin(0.300n7 ) =sin(0.400n7z) =0

which can be satisfied for n=10m, where m=1,2,... However, since the probability

density is nonzero between x=0.300L and x=0.400L, we conclude that the electron is
in the n=10 state. The change of energy after making a transition to n'=9 is then equal
to

-3 1.\
|AE | h22 (n*—n'®) - (6.63x10™* J-s) 2
smL. 8(9.11x10™* kg) (2.00x10 " m)

(102 —92) —2.86x107" J.

15. THINK The probability that the electron is found in any interval is given by
P =j|x//|2dx, where the integral is over the interval.

EXPRESS If the interval width Ax is small, the probability can be approximated by P =
lyf? Ax, where the wave function is evaluated for the center of the interval, say. For an
electron trapped in an infinite well of width L, the ground state probability density is



1693

SO

ANALYZE (a) We take L = 100 pm, x = 25 pm, and Ax = 5.0 pm. Then,

P [M} sin? [M} ~ 0050

100pm 100pm

(b) We take L =100 pm, x =50 pm, and Ax = 5.0 pm. Then,

po [M} sin? [M} - 010,

100pm 100pm

(c) We take L = 100 pm, x =90 pm, and Ax = 5.0 pm. Then,

o_ {Z(S.Opm)}sin{n(% pm)}z 00095,

100 pm 100pm

LEARN The probability as a function of x is plotted next. As expected, the probability of
detecting the electron is highest near the center of the well at x = L/2 = 50 pm.

P(x)
0.4
0.08
0.06
0.04

0.02

20 40 60 80 100 X(pm)

16. We follow Sample Problem — “Detection potential in a 1D infinite potential well” in
the presentation of this solution. The integration result quoted below is discussed in a
little more detail in that Sample Problem. We note that the arguments of the sine
functions used below are in radians.

(a) The probability of detecting the particle in the region 0<x<L/4 is
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2\( L ¢4 . , 2(y sin2y

e sin“ydy=—| = —

Iy =25
(b) As expected from symmetry,

2\ LYer ., 2(y sin2y

— 1 = sin“ydy=—| =—

(Lj(njfm Y n(z 4 ]
(c) For the region L/4<x<3L/4, we obtain

2\( L34 . , 2(y sin2y

— || = sin“ydy=—| ——

I v =252

which we could also have gotten by subtracting the results of part (a) and (b) from 1; that
is, 1 —2(0.091) = 0.82.

7l4

=0.091

0

a

=0.091

zl4

3z/4
=0.82

nl4

17. According to Fig. 39-9, the electron’s initial energy is 106 eV. After the additional
energy is absorbed, the total energy of the electron is 106 eV + 400 eV = 506 eV. Since it
IS in the region x > L, its potential energy is 450 eV, so its kinetic energy must be 506
eV —450 eV =56 eV.

18. From Fig. 39-9, we see that the sum of the kinetic and potential energies in that
particular finite well is 233 eV. The potential energy is zero in the region 0 < x < L. If the
kinetic energy of the electron is detected while it is in that region (which is the only
region where this is likely to happen), we should find K = 233 eV.

19. Using E =hc/ A =(1240eV-nm)/A, the energies associated with 4., 4, and A, are

_hc _1240eV-nm
* 1, 14.588nm

£ _hc _1240eV-nm
°J, 48437 nm

_hc _1240eV-nm
A 29108 nm
The ground-state energy is

=85.00eV

=256.0eV

=426.0eV.

E,=E,—E,=450.0eV—-426.0eV =24.0eV.
Since E, =E, —E,, the energy of the first excited state is

E,=E +E, =24.0eV+850eV=109¢eV.
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20. The smallest energy a photon can have corresponds to a transition from the non-
quantized region to E,.Since the energy difference between E, and E, is

AE=E,—E,=9.0eV-4.0eV=50eV,

the energy of the photon is E =K+AE=2.00eV+5.00eV=7.00eV.

photon

21. Schrédinger’s equation for the region X > L is

d’y  8n’m
d7+T E_Uo (//ZO

If = De**, then d 2y/dx? = 4k’De® = 4k*y and
d’y  8m’m 8m’m

™ + H E-U, w=4k*y +

E-U, v.

This is zero provided

k =%,/2m(uO —E).

The proposed function satisfies Schrodinger’s equation provided k has this value. Since
Uy is greater than E in the region x > L, the quantity under the radical is positive. This
means Kk is real. If k is positive, however, the proposed function is physically unrealistic.
It increases exponentially with x and becomes large without bound. The integral of the
probability density over the entire x-axis must be unity. This is impossible if y is the
proposed function.

22. We can use the mc? value for an electron from Table 37-3 (511 x 10% eV) and hc =
1240 eV - nm by writing Eq. 39-20 as

E _2_"‘]2 n_f_i_n_s = (hC)Z n_§+ﬁ
YT gm | L2 L2 _8(mc2) 12 12

y X Yy
For ny = ny =1, we obtain

_ (1240eV-nmY’ [ 1

- =0.734 eV.
" 8(511x10%V) ( (0.800nm)’ (1.600nm)2J

23. We can use the mc? value for an electron from Table 37-3 (511 x 10° eV) and hc =
1240 eV - nm by writing Eq. 39-21 as
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2h?(n2 ny n?)_ (he)’ (nZ nj n?
Enx,ny,nz:_ _2+_2 | 2 —2+—2+—2
sm(L L L) gm) L L L

For ny =ny =n, =1, we obtain

(124OeV-nm)2£ (R

= : . . 5 [=3.21eV.
8(511x10%eV) | (0.800nm)”  (1.600nm)° " (0.390nm)

24. The statement that there are three probability density maxima along x =L, /2 implies
that n, =3 (see for example, Figure 39-6). Since the maxima are separated by 2.00 nm,
the width of L is L, =n (2.00 nm)=6.00 nm. Similarly, from the information given
along y=L, /2, we find n, =5 and L, =n,(3.00 nm)=15.0 nm. Thus, using Eq. 39-20,
the energy of the electron is

_h (g, Ny |_(6.63x10°* J-s)’ 1 . 1
"N ogm( L L) 8(9.11x10°* kg) | (3.00x10°° m)® " (2.00x10"° m)’
=2.2x107"J.

25. The discussion on the probability of detection for the one-dimensional case can be
readily extended to two dimensions. In analogy to Eq. 39-10, the normalized wave
function in two dimensions can be written as

2 . (n~x 2 .| n7m
Vo (6 Y) =, (Qw, (¥) = [—sin| 2=x|- |—sin| ——y
y y L, L, L, L,
4 . (nx ). N7
= |——sin X |sin| —vy |.
L.L, L, L,
The probability of detection by a probe of dimension AxAy placed at (X, y) is

2 4(AxAyY) . nz _|. n,m
p(x, y):‘ l//nx,ny (X7 y)‘ AXAV=%SIn2££—xjsm{Ly— yJ

Xy X y

With L, =L, =L=150 pm and Ax=Ay=5.00 pm, the probability of detecting an
electron in (n,,n ) =(1,3) state by placing a probe at (0.200L, 0.800L) is
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n 2
p:4(AXAy)sin2 Ny |sin? y—”y :wsinz(E-O.ZOOL)sinZG—EOBOOLj
LL, L, L, (150 pm) L L

2
- 4(5'00 pm] sin®(0.2007r)sin® (2.407)=1.4x107 .
150 pm

26. We are looking for the values of the ratio

E n2 n? 1
nny _p2| o Ty 2, 4.2
h?/8mL? - (Lﬁ i LZ}_(nX +4nyj

Yy

and the corresponding differences.

(a) For n, = ny = 1, the ratio becomes 1+ 4 =125.

(b) For n,=1 and ny = 2, the ratio becomes 1+ (4)=2.00. One can check (by computing
other (ny, ny) values) that this is the next to lowest energy in the system.

(c) The lowest set of states that are degenerate are (ny, ny) = (1, 4) and (2, 2). Both of
these states have that ratio equal to 1+4(16) =5.00.

(d) For ny =1 and ny = 3, the ratio becomes 1+(9) =325. One can check (by computing

other (ny, ny) values) that this is the lowest energy greater than that computed in part (b).
The next higher energy comes from (ny, ny) = (2, 1) for which the ratio is 4+ (1) =4.25.

The difference between these two values is 4.25 — 3.25 = 1.00.

27. THINK The energy levels of an electron trapped in a regular corral with widths Ly

and L, are given by Eq. 39-20:
2 2 n
E, . _n n—§+—§ :
oem| 2L

EXPRESS With Ly =L and Ly = 2L, we have

2 2 n2 2 n2
En n :h_ n_);"'_)z/ :h—z nf_'__y .
M oogm| 2 12| 8mL 4

y

Thus, in units of h¥8mL?, the energy levels are given by nf+n§/4. The lowest five

levels are E; 1 = 1.25, E;, = 2.00, E; 3 =3.25, E;1 =4.25, and E;» = E; 4 = 5.00. It is clear
that there are no other possible values for the energy less than 5.
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The frequency of the light emitted or absorbed when the electron goes from an initial
state i to a final state f is f = (E; — E;)/h, and in units of h/8mL? is simply the difference in

the values of n? + n§ /4 for the two states. The possible frequencies are as follows:

0.75(1,2 —11),2.00(1,3>11),3.00(2,1 —>11),
3.75(2,2>11),1.25(1,3—1,2),2.25(2,1—12),3.00(2,2 »1,2),1.00(2,1-13),
1.75(2,2513),0.75(2,2 > 2,1),

all in units of h/8mL?,

ANALYZE (a) From the above, we see that there are 8 different frequencies.

(b) The lowest frequency is, in units of h/8mL?, 0.75 (2, 2—2,1).

(c) The second lowest frequency is, in units of h/8mL?, 1.00 (2, 1—1,3).

(d) The third lowest frequency is, in units of h/8mL?, 1.25 (1, 3—1,2).

(e) The highest frequency is, in units of h/8mL? 3.75 (2, 2—1,1).

(f) The second highest frequency is, in units of h/8mL?, 3.00 (2, 2—1,2) or (2, 1—>1,1).
(g) The third highest frequency is, in units of h/8mL?, 2.25 (2, 1—1,2).

LEARN In general, when the electron makes a transition from (ny, ny) to a higher level
(n,,ny), the frequency of photon it emits or absorbs is given by

En' n! _En n n/2 n2
fo BB S T hg n?+-2 |- h2 n?+-%
h h 8mL 4 8mL 4
h ’ 1 ’
== {(nxz—nf)+z(ny2—nj)}.

28. We are looking for the values of the ratio

E 2 2 2
s~

and the corresponding differences.

(a) For ny=ny=n, =1, the ratio becomes 1 + 1 + 1 = 3.00.
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(b) For ny = ny = 2 and n, = 1, the ratio becomes 4 + 4 + 1 = 9.00. One can check (by
computing other (ny, ny, n;) values) that this is the third lowest energy in the system. One
can also check that this same ratio is obtained for (ny, ny, n;) = (2, 1, 2) and (1, 2, 2).

(c) For ny=ny =1 and n, = 3, the ratio becomes 1 + 1 + 9 = 11.00. One can check (by
computing other (ny, ny, n;) values) that this is three “steps” up from the lowest energy in
the system. One can also check that this same ratio is obtained for (ny, ny, n;) = (1, 3, 1)
and (3, 1, 1). If we take the difference between this and the result of part (b), we obtain
11.0-9.00 = 2.00.

(d) For ny =ny =1 and n, = 2, the ratio becomes 1 + 1 + 4 = 6.00. One can check (by
computing other (ny, ny, n;) values) that this is the next to the lowest energy in the system.
One can also check that this same ratio is obtained for (ny, ny, n;) = (2, 1, 1) and (1, 2, 1).
Thus, three states (three arrangements of (ny, ny, n;) values) have this energy.

(e) For ny =1, ny = 2 and n, = 3, the ratio becomes 1 + 4 + 9 = 14.0. One can check (by
computing other (ny, ny, ;) values) that this is five “steps” up from the lowest energy in
the system. One can also check that this same ratio is obtained for (ny, ny, n;) = (1, 3, 2),
(2,3,1),(2,1,3), (3,1, 2) and (3, 2, 1). Thus, six states (six arrangements of (ny, ny, n)
values) have this energy.

29. The ratios computed in Problem 39-28 can be related to the frequencies emitted using
f = AE/h, where each level E is equal to one of those ratios multiplied by h%8mL?. This
effectively involves no more than a cancellation of one of the factors of h. Thus, for a
transition from the second excited state (see part (b) of Problem 39-28) to the ground
state (treated in part (a) of that problem), we find

f —(9.00- 3.00)(8£L2 ) _ (6.00)(8r:|_2 j .

In the following, we omit the h/8mL? factors. For a transition between the fourth excited
state and the ground state, we have f = 12.00 — 3.00 = 9.00. For a transition between the
third excited state and the ground state, we have f = 11.00 — 3.00 = 8.00. For a transition
between the third excited state and the first excited state, we have f = 11.00 — 6.00 = 5.00.
For a transition between the fourth excited state and the third excited state, we have f =
12.00 — 11.00 = 1.00. For a transition between the third excited state and the second
excited state, we have f = 11.00 — 9.00 = 2.00. For a transition between the second excited
state and the first excited state, we have f = 9.00 — 6.00 = 3.00, which also results from
some other transitions.

(a) From the above, we see that there are 7 frequencies.
(b) The lowest frequency is, in units of h/8mL?, 1.00.

(c) The second lowest frequency is, in units of h/8mL?, 2.00.
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(d) The third lowest frequency is, in units of h/8mL?, 3.00.
(e) The highest frequency is, in units of h/8mL?, 9.00.

(f) The second highest frequency is, in units of h/8mL?, 8.00.
(g) The third highest frequency is, in units of h/8mL?, 6.00.

30. In analogy to Eq. 39-10, the normalized wave function in two dimensions can be

written as
2 . (nx 2 . [nx
Vo (6 Y) =W, (O, (¥) = [—sin| 2=x|- |—sin| ——y
y y Lx Lx Ly Ly
4 (nsz' ] {nyﬂ' ]
= [——sin X [sin| =—vy [.
x/ LL, L, L,
The probability of detection by a probe of dimension AxAy placed at (X, y) is

2 4(AXAY) . W4 . n sz
p(x,y) :‘ l//nx,ny (%, y)‘ AXAY = %Sm2 (C— X]SII‘]2 LLy— J
Xy X

y

A detection probability of 0.0450 of a ground-state electron (n, =n, =1) by a probe of
area AXAy =400 pm?® placed at (x,y) =(L/8,L/8) implies

2 2
0.0450:—4(4002pm )sinz(z.kjsinz(z-kj:{—zo pmj sin“(zj.
L L 8 L 8 L 8

Solving for L, we get L =27.6 pm.

31. THINK The Lyman series is associated with transitions to or from the n = 1 level of
the hydrogen atom, while the Balmer series is for transitions to or from the n = 2 level.

EXPRESS The energy E of the photon emitted when a hydrogen atom jumps from a state
with principal quantum number n’ to a state with principal quantum number n<n’ is

given by
1 1
=)

where A = 13.6 eV. The frequency f of the electromagnetic wave is given by f = E/h and
the wavelength is given by A = c/f. Thus,
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LfE AL )
A ¢ hc hec\ln? n?)’

ANALYZE The shortest wavelength occurs at the series limit, for which n’ = c. For the
Balmer series, n=2 and the shortest wavelength is Ag = 4hc/A. For the Lyman series,
n =1 and the shortest wavelength is A = hc/A. The ratio is Ag/A = 4.0.

LEARN The energy of the photon emitted associated with the transition of an electron
from n"=00 —>n=2 (to become bound) is

1366V

0—2 2

=3.4¢eV.

Similarly, the energy associated with the transition of an electron from n'=00—n=1 (to
become bound) is

E -136e8V _io6ev.

10 2 -

32. The difference between the energy absorbed and the energy emitted is

hc hc

A

E E

photon absorbed ~— '—photon emitted = 2\

absorbed emitted

Thus, using hc = 1240 eV - nm, the net energy absorbed is

hcA Ej=(1240eV~nm) 1 1 =1.17eV.
A 375nm 580nm

33. (a) Since energy is conserved, the energy E of the photon is given by E = E; — E;,
where E; is the initial energy of the hydrogen atom and E; is the final energy. The electron
energy is given by (— 13.6 eV)/n?, where n is the principal quantum number. Thus,

E-E,—E - —-13.6eV  -13.6eV 1216V

(3) )

(b) The photon momentum is given by

E (121eV)(160x107° J/eV)

- 30010 =6.45x107" kg-m/s .
c 00x10° m/s

p:

(c) Using hc = 1240 eV - nm, the wavelength is A = he _1240eV-nm =102nm.

E 12.1eV
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34. (a) We use Eq. 39-44. Atr =0, P(r) o r* = 0.

2 2
tr=a, P(r)=—a%?¥ = = - =10.2nm™.
(b) A P(r)=2 aze2e - 4 T _102nm*
a a 5.29x10™ nm
4 2 16e™ 16e™
c)Atr=2a, P(r)=—(2a) ™ = = =5.54nm™.
© (=522 a  5.29x102%nm

a

35. (@) We use Eq. 39-39. Atr = a,

1 1

2
2 1 —a/aj -2 -3
we(r =(—e = e = e =291nm™.
(") Jra*? ' r(5.20x107nm)’

(b) We use Eq. 39-44. Atr =a,

2 2
P(r) =i3a2e‘2""/"’1 _ e 4e

= =10.2nm™.
a a 5.29x10%nm

36. (a) The energy level corresponding to the probability density distribution shown in
Fig. 39-21 is the n = 2 level. Its energy is given by

_13.6eV

22

E, = =-3.4eV,

(b) As the electron is removed from the hydrogen atom the final energy of the proton-
electron system is zero. Therefore, one needs to supply at least 3.4 eV of energy to the
system in order to bring its energy up from E; = — 3.4 eV to zero. (If more energy is
supplied, then the electron will retain some kinetic energy after it is removed from the
atom.)

37. THINK The energy of the hydrogen atom is quantized.

EXPRESS If kinetic energy is not conserved, some of the neutron’s initial kinetic energy
could be used to excite the hydrogen atom. The least energy that the hydrogen atom can
accept is the difference between the first excited state (n = 2) and the ground state (n = 1).
Since the energy of a state with principal quantum number n is —(13.6 eV/)/n?, the smallest
excitation energy is

“136eV 1366V 0,
(2) (1)

ANALYZE The neutron, with a kinetic energy of 6.0 eV, does not have sufficient kinetic
energy to excite the hydrogen atom, so the hydrogen atom is left in its ground state and

AE=E,-E, =
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all the initial kinetic energy of the neutron ends up as the final kinetic energies of the
neutron and atom. The collision must be elastic.

LEARN The minimum Kinetic energy the neutron must have in order to excite the
hydrogen atom is 10.2 eV.

38. From Eq. 39-6, AE =hf =(414x10"eV-s)(6.2x 10" Hz) = 2.6eV .

39. THINK The radial probability function for the ground state of hydrogen is

P(r) = (4r¥/a’)e >,
where a is the Bohr radius.

EXPRESS We want to evaluate the integral j: P(r)dr. Equation 15 in the integral table
of Appendix E is an integral of this form:

o _ n!
IO X"e ™ dx =

n+l *
a

ANALYZE We set n = 2 and replace a in the given formula with 2/a and x with r. Then

4 2

a® (2/a)® L

o _ 4 *® 2 _-2r/a _
jo P(r)dr_g-[0 ree"dr =

LEARN The integral over the radial probability function P(r) must be equal to 1. This
means that in a hydrogen atom, the electron must be somewhere in the space surrounding
the nucleus.

40. (a) The calculation is shown in Sample Problem — “Light emission from a hydrogen
atom.” The difference in the values obtained in parts (a) and (b) of that Sample Problem
is 122 nm — 91.4 nm ~ 31 nm.

(b) We use Eq. 39-1. For the Lyman series,

8 8
Af = 2.998x10°m/s  2.998x10° m/s _89x10" Hyz .

914x10°m 122x107°m

(c) Figure 39-18 shows that the width of the Balmer series is 656.3 nm — 364.6 nm ~
292 nm ~0.29 um.

(d) The series limit can be obtained from the oo — 2 transition:
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f o 2.998x10° m/s  2.998x10°m/s

= - - =3.65x10" Hz ~ 3.7x10" Hz.
364.6x10"m  656.3x107m

41. Since Ar is small, we may calculate the probability using p = P(r) Ar, where P(r) is
the radial probability density. The radial probability density for the ground state of

hydrogen is given by Eq. 39-44:
2
P(r) — (4[’3 ] e—2r/a
a

where a is the Bohr radius.

(@) Here, r =0.500a and Ar =0.010a. Then,

ACPAN ) o 2 =) 3 3
P=l—5—|e =4(0.500)°(0.010)e ~ =3.68x10" ~ 3.7x10".
a

(b) We set r = 1.00a and Ar = 0.010a. Then,

2
p= [4rafrj e2'% = 4(1.00)?(0.010)e% =5.41x10" ~5.4x10~.

42. Conservation of linear momentum of the atom-photon system requires that

f
Precoit = pphoton = merecoiI :?

where we use Eq. 39-7 for the photon and use the classical momentum formula for the
atom (since we expect its speed to be much less than c). Thus, from Eq. 39-6 and Table
37-3,

AE E (-13.6eV)(4° -17)

~-E
et = 6 (micf)?c ~ (938x10°eV) /(2.998x10° m/s)

=4.1m/s.

43. (a) and (b) Letting a = 5.292 x 10" ' m be the Bohr radius, the potential energy
becomes
e (899x10° N-m?/C?)(1602x 107 C)’

U=- = g =—-436x10") =-27.2eV .
4me,a 5292x10™m

The kinetic energy isK =E—-U = (- 13.6 eV) — (- 27.2eV) = 13.6 eV.

44, (a) Since E; =—-0.85eV and E; =—13.6 eV + 10.2 eV = — 3.4 eV, the photon energy
IS
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(b) From
1 1
E,-E =(-136eV)| 5 - |=26¢eV
I'.12 r-]1
we obtain

1 1

1 26ev_ 3 1 1
n

2 nZ 136eV 16 4 22

Thus, n, =4 and n; = 2. So the transition is from the n = 4 state to the n = 2 state. One can
easily verify this by inspecting the energy level diagram of Fig. 39-18. Thus, the higher
quantum number is n, = 4.

(c) The lower quantum number is n; = 2.

45. THINK The probability density is given by [y, (r,6) *, where Wom, (1, 0) s the
wave function.

EXPRESS To calculate |v,,, F=y™* . Vom» We multiply the wave function by its
complex conjugate. If the function is real, then w*,, =, . Note that " and e “are
complex conjugates of each other, and e e ¥ =¢® = 1.

ANALYZE (a) w210 is real. Squaring it gives the probability density:

2

W I'= 32ma’ e cos’ 6.
(b) Similarly,
r’
W oal’ = 64ma’ e sin® 0
and

2

r .

2 -rla 2

7N e "?sin“o.
2t 64ra’

The last two functions lead to the same probability density.

(c) For m, =0, the probability density |y, |* decreases with radial distance from the

nucleus. With the cos® @ factor, |, | is greatest along the z axis where @ = 0. This is
consistent with the dot plot of Fig. 39-23(a).
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Similarly, for m, =+1, the probability density |w,.,[* decreases with radial distance

from the nucleus. With the sin® @ factor, |w,,., |* is greatest in the xy-plane where 6 =
90°. This is consistent with the dot plot of Fig. 39-23(b).

(d) The total probability density for the three states is the sum:

2 2

1. 1. r
—e "% cos? @+=sin’ 0+ =sin* G |=——e "
2 2 32ra

r
327a

| W10 |2 +|Wara |2 +| Wy |2:

The trigonometric identity cos® &+ sin®> 8= 1 is used. We note that the total probability
density does not depend on Gor ¢; it is spherically symmetric.

LEARN The wave functions discussed above are for the hydrogen states with n = 2 and
¢ =1. Since the angular momentum is nonzero, the probability densities are not
spherically symmetric, but depend on both r and 6.

46. From Sample Problem — * Probability of detection of the electron in a hydrogen

atom,” we know that the probability of finding the electron in the ground state of the
hydrogen atom inside a sphere of radius r is given by

p(r) =1-e*(1+2x+2x?)

where x = r/a. Thus the probability of finding the electron between the two shells
indicated in this problem is given by

p(a<r<2a)=p(2a)- p(a) = [1—e‘2X (1+2x+ ZXZ):L:Z —[1—e‘2X (1+2x+ ZXZ)]
=0.439.

x=1

47. As illustrated in Fig. 39-24, the quantum number n in question satisfies r = nZ.
Letting r = 1.0 mm, we solve for n:

\f LOx107M 45,10,
529x10 "' m
48. Using Eq. 39-6 and hc = 1240 eV - nm, we find

AE =E,,, = c_1240eVonm oo
P A 1216nm

Therefore, niow = 1, but what precisely is Npign?

Eun=E_+AE = _13.6eV 1316eV 1026V

n2
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which yields n = 2 (this is confirmed by the calculation found from Sample Problem —
“Light emission from a hydrogen atom). Thus, the transition is from the n =2 tothen=1
state.

(@) The higher quantum number is n = 2.

(b) The lower quantum numberisn =1.

(c) Referring to Fig. 39-18, we see that this must be one of the Lyman series transitions.
49. (a) We take the electrostatic potential energy to be zero when the electron and proton
are far removed from each other. Then, the final energy of the atom is zero and the work
done in pulling it apart is W = — E;, where E; is the energy of the initial state. The energy
of the initial state is given by E; = (-13.6 eV)/n? where n is the principal quantum
number of the state. For the ground state, n =1 and W =13.6 eV.

(b) For the state with n = 2, W = (13.6 eV)/(2)* = 3.40 eV.

50. Using Eq. 39-6 and hc = 1240 eV - nm, we find

AE—E _hc _1240eV-nm

= Bpoton = — =12.09 eV.
A 106.6 nm

Therefore, niow = 1, but what precisely is Npigh?

+12.09 eV

£ ~E., +AE 1366V _ 136eV

low = n 2 12

which yields n = 3. Thus, the transition is from the n = 3 to the n = 1 state.

(@) The higher quantum number is n = 3.

(b) The lower quantum numberisn =1.

(c) Referring to Fig. 39-18, we see that this must be one of the Lyman series transitions.
51. According to Sample Problem — * Probability of detection of the electron in a

hydrogen atom,” the probability the electron in the ground state of a hydrogen atom can
be found inside a sphere of radius r is given by

p(r) =1-e?(1+2x+2x%)

where x = r/fa and a is the Bohr radius. We wantr =a, so x =1 and
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p(a)=1-e?(1+2+2)=1-572 =0323,

The probability that the electron can be found outside this sphere is 1 — 0.323 = 0.677. It
can be found outside about 68% of the time.

52.(a) AE =— (13.6 eV)(4 2—1 %) =12.8¢eV.

(b) There are 6 possible energies associated with the transitions4 — 3,4 —» 2,4 — 1,3
—>2,3>1and2 > 1.

(c) The greatest energy is E, , =12.8 eV.

(d) The second greatest energy is E, ,, =—(13.6eV)(3°-17%)=12.1eV.
(e) The third greatest energy is E, , =—(13.6eV)(27-17)=10.2eV.

(f) The smallest energy is E, ; =—(13.6eV)(47 ~37)=0.661eV .

(9) The second smallest energy is E, ,, =—(13.6eV)(3°-2%)=1.89 eV

(h) The third smallest energy is E, ,, =—(13.6eV)(4° -2*)=255eV.

53. THINK The ground state of the hydrogen atom corresponds to n = 1, ¢=0, and
m, =0.

EXPRESS The proposed wave function is

1

-r/a

where a is the Bohr radius. Substituting this into the right side of Schrédinger’s equation,
our goal is to show that the result is zero.

ANALYZE The derivative is

dr  Jra® e
SO
and
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The energy of the ground state is given by E = -me*/8£2h® and the Bohr radius is given
by a=h’¢,/nme®, so E = —e’/8ne,a. The potential energy is given by

U =—e*/4ne,r,
S0
8n’m 8n’m e’ e’ 8n’m e? 1 2
2 E—U lr//: 2 — —+ = 2 _— 4 — !//
h h 8ne,a 4me,r h® 8ng, | a r

nmez[ 1 2} 1[ 1 2}
==+ |y==-=+—| v
h“e, L a r al a r

The two terms in Schrodinger’s equation cancel, and the proposed function y satisfies
that equation.

LEARN The radial probability density of the ground state of hydrogen atom is given by
Eq. 39-44:

P(r) =[y ! (4rr?) = &% (4rr?) = - 220
ra a

A plot of P(r) is shown in Fig. 39-20.

54. (a) The plot shown below for |yso(r)F is to be compared with the dot plot of Fig.
39-21. We note that the horizontal axis of our graph is labeled “r,” but it is actually r/a
(that is, it is in units of the parameter a). Now, in the plot below there is a high central
peak between r = 0 and r ~ 2a, corresponding to the densely dotted region around the
center of the dot plot of Fig. 39-21. Outside this peak is a region of near-zero values
centered at r = 2a, where y» = 0. This is represented in the dot plot by the empty ring
surrounding the central peak. Further outside is a broader, flatter, low peak that reaches
its maximum value at r = 4a. This corresponds to the outer ring with near-uniform dot
density, which is lower than that of the central peak.

0.04
0.03
0.02

0.01 1
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(b) The extrema of yA(r) for 0 < r < o may be found by squaring the given function,
differentiating with respect to r, and setting the result equal to zero:

_i(r_za) (r_4a) e—r/a —

0
32 an

which has roots at r = 2a and r = 4a. We can verify directly from the plot above that r =
4a is indeed a local maximum of w5, (r). As discussed in part (a), the other root (r = 2a)
is a local minimum.

(c) Using Eq. 39-43 and Eq. 39-41, the radial probability is

r? ry
P.(r)=4nr’y? (r)=—I|2——| e,
500(l) W () 8a3( a)

(d) Letx =r/a. Then

o 0 I’2 r 2 _rla 1 X «© —X
jo ono(r)olr:j0 @(2—3 e ’o|r=§j0 x2(2-x)%e olx:jO (x* —4x3 + 4x2)e *dx

:%[4!—4(3!)+4(2!)]:1

where we have used the integral formula jo x"e*dx =n!.

55. The radial probability function for the ground state of hydrogen is
P(r) = (4r/a’)e >,

where a is the Bohr radius. (See Eq. 39-44.) The integral table of Appendix E may be
used to evaluate the integral r,,, = JowrP(r)dr. Setting n = 3 and replacing a in the given
formula with 2/a (and x with r), we obtain

© 4 (o -2r/a 4
g :L rP(r)dr=¥L rie=2"/ dr:?(Z/a)“ =1.5a.

56. (a) The allowed energy values are given by E, = nh%/8mL2. The difference in energy
between the state n and the staten + 1 is

h? 2n+1)h?
AE{-.\dj = En+1 - En = (n+1)2 _nz 8mL2 = ( 8mL2)

and
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AE, [(Zn +1)h? }(8mL2 J _2n+1
E 8mL? n’h’ n*
As n becomes large, 2n+1—2n and (2n+1)/n’ —2n/n* =2/n.
(b) No. As n— 0, AE,; and E do not approach 0, but AEq/E does.
(c) No. See part (b).

(d) Yes. See part (b).

(e) AEag/E is a better measure than either AE,q; or E alone of the extent to which the
quantum result is approximated by the classical result.

57. From Eq. 39-4,
h? 2 h? ) h?
E  —E = n+2) — n° = n+1).
meoo (Smsz( ) (8mL2j 2mL2 (n+1)

58. (a) and (b) In the region 0 < x < L, Ug =0, so Schrodinger’s equation for the region is

d? 8n°m
==
dx h

Ey=0

where E > 0. If y# (x) = B sin? kx, then w (X) = B' sin kx, where B' is another constant
satisfying B' > = B. Thus,

2
Y 2B sinkx = —kZp(x)

o
and
d’y  8m’m ,  8m’m
+— —Ey=-Ky+——Ey.
ax | ne T VTRV
8n’mE

This is zero provided that k® = The quantity on the right-hand side is positive,

h?
so k is real and the proposed function satisfies Schrodinger’s equation. In this case, there
exists no physical restriction as to the sign of k. It can assume either positive or negative

values. Thus, k = J_r%n 2mE.

59. THINK For a finite well, the electron matter wave can penetrate the walls of the well.
Thus, the wave function outside the well is not zero, but decreases exponentially with
distance.
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EXPRESS Schrodinger’s equation for the region x > L is

d’y  8m’m

dX2+ h2 E-U, v=0,

where E — Up < 0. If ¢/ (x) = Ce 2, then y(x) = J/C e .

ANALYZE (a) and (b) Thus,

2
4V _ e fCe™ = ak?y

v
and
d? 8n°m 8n’m
dTlé/'i'h—z E—UO Y= kzl//'l'T E—UO V.
2
This is zero provided that k* = 87;]_2m U, — E . Choosing the positive root, we have
k=2" m(U,—E).

LEARN Note that the quantity U, —E is positive, so k is real and the proposed function

satisfies Schrodinger’s equation. If k is negative, however, the proposed function would
be physically unrealistic. It would increase exponentially with x. Since the integral of the
probability density over the entire x axis must be finite, y diverging as x — oo would be
unacceptable.

60. We can use the mc? value for an electron from Table 37-3 (511 x 10% eV) and hc =
1240 eV - nm by writing Eq. 39-4 as

_n%h? _ n?(hc)’
"emL: 8(mc?)L’ '

(a) With L = 3.0 x 10° nm, the energy difference is

2
E,-E = 1290 (22 -1°)=13x10"eV.

8(511x10°)(30x10°)’

(b) Since (n + 1)>—n?=2n + 1, we have

2 2
AE=E,, B =] (2n+1)= ") (ons1)
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Setting this equal to 1.0 eV, we solve for n:

4(me? ) L2AE 4(511x10%eV) (3.0x10°nm)’ (1.0eV
n= ( )2 _1: ( * )( - 5 ) ( )—1z1.2><1019.
(hc) 2 (1240eV-nm) 2

(c) At this value of n, the energy is

2
E, = 1290 -(6x10°%)" ~6x10% eV,

8(511x10°)(30x10°)

Thus,
E, 6 x10% eV

n

5= 3 =1.2x10%,
mc 511x10°eV

(d) Since E,/mc®>>1, the energy is indeed in the relativistic range.

61. (a) We recall that a derivative with respect to a dimensional quantity carries the
(reciprocal) units of that quantity. Thus, the first term in Eq. 39-18 has dimensions of
multiplied by dimensions of x™ 2. The second term contains no derivatives, does contain ,
and involves several other factors that turn out to have dimensions of x %

L] = %0

assuming Sl units. Recalling from Eq. 7-9 that J = kg-m?/s%, then we see the above is
indeed in units of m™? (which means dimensions of x ).

~" as shown in

(b) In one-dimensional quantum physics, the wave function has units of m

Eq. 39-17. Thus, since each term in Eq. 39-18 has units of y multiplied by units of x 2,
then those units are m 2. m 2=m 2%,

62. (a) The “home-base” energy level for the Balmer series is n = 2. Thus the transition
with the least energetic photon is the one from the n = 3 level to the n = 2 level. The

energy difference for this transition is

AE =E,-E, =—(136 ev)(i - i) =1889eV .

3 2

Using hc = 1240 eV - nm, the corresponding wavelength is

J- hc _1240eV-nm

= = =658nm .
AE 1.889eV
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(b) For the series limit, the energy difference is

AE=E,-E,=—(136 ev)(i2 - 2—12) = 3408V .
(e 0]

The corresponding wavelength is then 1= he = 1240eV-nm =366nm .

AE 3.40eV

63. (a) The allowed values of ¢ for a given n are 0, 1, 2, ..., n — 1. Thus there are n
different values of (.

(b) The allowed values of m, for a given ( are—(,—( +1, .., (. Thusthereare 2/ +1
different values of m,.

(c) According to part (a) above, for a given n there are n different values of (. Also, each
of these (’s can have 2 ¢ + 1 different values of m, [see part (b) above]. Thus, the total

number of m,’s is

LN

' (20+1) = n2.

(

Il
o

64. Forn=1
me’' (9.11x10* kg)(1.6x107 C)’
8z;h"  8(8.85x10 2 F/m)’ (6.63x10 % J-s)’ (1.60x10 ™ J/eV)

E, = =-13.6eV .

65. (a) The angular momentum of the diatomic gas is
2 1 2
L=lw=2xm(d/2) w:Emd .
If its angular momentum is quantized, i.e., restricted to L=n#, n=1, 2, ... then

1md26¢):nh:n—h = a):n—h2
2 21 zmd

(b) The quantized rotational energies are

1, , 1(md? nh ) n?h?
E,=>lo" =7 2| T A 2md2
2 2\ 2 7md 47°md

66. The expression for the probability of detecting an electron in the ground state of
hydrogen atom inside a sphere of radius r is given in Sample Problem 39.07:
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p(x) =1—e*(1+2x+2x?)
where x=r/a,, with a, =5.292x10"*m. Given that r =1.1x10"°m,

X = (1.1x107°*m)/(5.292x10™m) = 2.079x10°°.

For small x, p(x) can be simplified as

p(x)=1-e** (l+2x+2x2)z1—(1—2x+2x2 —gx3+~~-j(l+2x+2x2):gx3

- 5(2.079x1o-5 )3 ~1.2x10%,
3

67. (a) For a particle of mass m trapped inside a container of length L, he allowed energy
values are given by E, = nh¥8mL2. With an argon atom and L = 0.20 m, the energy
difference between the lowest two levels is

2 2 -34 2

AE:EZ_EI:&T]—LZ =

- 8mL2  8(0.0399 kg/6.02x10%)(0.20 m)>
=6.21x10*J=3.88x10*eV.

(b) The thermal energy at T = 300 K is its average Kinetic energy:

K = g KT = (1.38x107* J/K)(300 K) =6.21x107** ] =3.88x107* eV .
Thus, the ratio is

K 3.88x107%eV

= ' 102
AE  3.9x10%eV
(c) The temperature at which K =2KkT = AE is
—41
T 2(AE)  2(6.21x107)) _30x10 8 K

3k 3(1.38x10% J/K)

68. The muon orbits the He" nucleus at a speed given by (k =1/47z,)
mv?  Zke® kae2
= > = V=
r r mr

With quantization condition L =mvr =n#, the allowed values of the radius is
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n’h?
h=-—
Zke"m
Its total energy is
1, Zke®  Zke’

E=K+U ==mv?
2 r 2r

The energy of the muon ground state is given by

Zke*  m(zZe?)* 1
E,=- == 22 2
2r, 8g,h” n

n

Evaluating the constants gives

_ m(Ze’)* 1 (207x9.11x10* kg)(2)’(1.6x10° C)* 1
2

E = = -
" 8¢Zh? n 8(8.85x107" C*/N-m?*)?(6.626x107**J-s)* n?
1.8x10™J)  11.3keV
= — n2 = — n2 .

69. The Ritz combination principle can be readily understood by noting that the transition
from n=n, to n=n, <n, can be done in two steps, with an intermediate state n’:

f i f n;

AE=E, —E, =(-13.66V) (iz_%] _ (—13.6eV)[i2—i2J+ (-13.66V) [iz_in
b n; n n2 n' n

The transition n, =3 — n, =1associated with the second Lyman-series line can be
thought of as n, =3 —n'=2 (first Balmer) followed by n"=2 —n, =1 (first Lyman).
Another example would be n. =4 — n, =2 (second Balmer), which can be thought of as
n. =4 —n’=3 (first Paschen) followed by n"=3—n, =2 (first Balmer).

70. (a) We use eg to denote the electric charge. The constant A can be calculated by
integrating the charge density distribution:

& = [ p(N)AV = [ (Ae?"'*)azr’dr = 47 AR [ x’e *'dx = 7 Aa]

which gives A=—g,/ za..

(b) We apply Gauss’s to calculate the electric field at a distance r from the center of the
atom. The charge enclosed by a Gaussian sphere of radius r =a,, including the proton

charge +ey at the center, is
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Qene = € +_|.,0(r)dV =& +J.:0 (Ae?"®)axrdr =g, + 47zAa§.[: x%e 2*dx
3 S 5] 2
=g, +7Aq, 1—e—2 =g, +(—&)) 1—e—2 = (5e7)e,

Using Gauss’s law, j E-da=q,,/s, We obtain

=(5e‘2)e0 - E=(5e‘2)eo

E(4ral
(478) & Areyal

(c) The net charge enclosed is positive, so the direction is radially outward.

71. (a) The charge enclosed by a sphere of radius r due to the uniform positive charge
distribution is proportional to the volume: q,,. =e(r/a,)*. Using Gauss’s law,

jE-dé =0,/ & the electric field at a radial distance r from the center of the atom is

3
E(47rr2):£(L] = E=——r
&\ 8, 4reyay
2

and the force on the electron is F =—eE =

= I. The negative sign means that the

4re,ay,
force points toward the center.
(b) Since F =ma=md?r/dt?,
dir  —e? d’r
M—=—-—r = —+07T=0
dt®  4ng,a, dt

and the angular frequency is

[0

e’ e
47g,may 4me,mas .
72. (a) The electric potential is

kg ke 8.99x10°N-m*/C?

v -11
roa, 5.29x107" m

=27.22V

(b) The electric potential energy of the atom is
U=qV =—eV =—e(27.22V)=-27.22 eV

(c) The electron moves in a circular orbit with
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r r mr
Its kinetic energy at r =a,is
2
K=im? =X _Lormevy—136ev.
2 2a, 2

(d) The total energy of the system is

2 2
E-K+U=im?-*__ K _ 1360y,
2 E 2a,
Therefore, the energy required to ionize the atom is +13.6 eV.

73. The energy is, after evaluating the constants,

2 -34 2
Ennon, = z<n12+”22+ §)= (6'6_2316XI0 J:) — 2(nf+n§+n§)
gmL 8(9.11x10 " kg)(0.25x10°m)
= (6.024 weV)(nf +n; +n;)

The lowest five states correspond to (n, n,, n;)=(1,1,1), (1, 2,1), (1, 2, 2), (1,3, 1) and
(2,2, 2), and the energies are

E, = E (1° +1° +17) = 3(6.024 peV) =18.1 ueV

E, = &:—;(f +2° +1°) = 6(6.024 1eV) =36.2 16V

E,, = 8r:—2|_2(12 +2°+2%)=9(6.024 116V) =54.3 eV
o = 8r:—ZLZ(f +3 +1°) =11(6.024 1eV) = 66.3 16V
yy = &(22 +2°+2°)=12(6.024 1eV) =72.4 1€V



