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7-1. (Equation 7-4)

where 

   and    

The 1st, 2nd, 3rd, and 5th excited states are degenerate.

Energy
(×E0)

7-2. (Equation 7-5)

 is the lowest energy level.

  where 

The next nine levels are, increasing order, 
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(Problem 7-2 continued)

n1 n2 n3 E (×E0 )

1 1 2 1.694

1 2 1 2.111

1 1 3 2.250

1 2 2 2.444

1 2 3 3.000

1 1 4 3.028

1 3 1 3.360

1 3 2 3.472

1 2 4 3.778

7-3. (a)

(b) They are identical.  The location of the coordinate origin does not affect the energy

level structure.

7-4.
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7-5. (from Equation 7-5)

 where 

(a)

n1 n2 n3 E (×E0 )

1 1 1 1.313

1 1 2 1.500

1 1 3 1.813

1 2 1 2.063

1 1 4 2.250

1 2 2 2.250

1 2 3 2.563

1 1 5 2.813

1 2 4 3.000

1 1 6 3.500

(b) 1,1,4 and 1,2,2

7-6.
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(Problem 7-6 continued)

7-7.

7-8. (a) Adapting Equation 7-3 to two dimensions (i.e., setting k3 = 0), we have

(b) From Equation 7-5, 

(c) The lowest energy degenerate states have quantum numbers n1 = 1, n2 = 2 and n1 = 2, n2 =

1.
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7-9. (a) For n = 3, R = 0, 1, 2

(b) For R = 0, m = 0

      R = 1, m = !1, 0, +1

      R = 2, m = !2, !1, 0 +1, +2

(c) There are nine different m-states, each with two spin states, for a total of 18 states for 

n = 3.

7-10. (a) For n = 2,  R = 0, 1

For R = 0, m = 0 with two spin states

For R = 1, m = !1, 0, +1, each with two spin states

The total number of states with n = 2 is eight.

(b) For n = 4,  R = 0, 1, 2, 3

Adding to those states found in (a), 

      For R = 2, there are 2R + 1 = 5 m states and 10 total, including spin.

      For R = 3, there are 2R + 1 = 7 m states and 14 total, including spin.

Thus, for n = 4 there are a total of 8 + 10 + 14 = 32 states, including spin.

(c) All n = 2 states have the same energy.  

All n = 4 states have the same energy.  

7-11. (a) 

(b) 
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7-12. (a)

R = 1

|L| = 

(b)

R = 2

|L| = 
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(Problem 7-12 continued)

(c)

R = 4

|L| = 

(d)       (See diagram above.)

7-13.

(a) 

(b) 

(c)  Lx and Ly cannot be determined separately.

(d) n = 3

7-14. (a) For R = 1, 

(b) For R = 1, m = !1, 0, = 1
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(Problem 7-14 continued)

(c)

Z

1S

 !1S

(d) For R = 3,  and m = !3. !2, !1, 0, 1, 2, 3.

Z

3S

2S

1S

0

!1S

!2S

!3S

7-15.

  and .  Since for , i.e., central 

forces, F is parallel to r, then r × F = 0 and 
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7-16. (a) For R = 3, n = 4, 5, 6, ... and m = !3, !2, !1, 0, 1, 2, 3

(b) For R = 4, n = 5, 6, 7,... and m = !4, !3, !2, !1, 0, 1, 2, 3, 4

(c) For R = 0, n = 1 and m = 0

(d) The energy depends only on n.  The minimum in each case is:  

7-17. (a) 6f  state: n = 6, R = 3

(b)

(c)

(d) LZ = !3S, !2S, !1S, 0, 1S, 2S, 3S

7-18. Referring to Table 7-2, R30 = 0 when 

Letting , this condition becomes

Solving for x (quadratic formula or completing the square), x = 1.90, 7.10

ˆ   Compare with Figure 7-10(a).

7-19. (a) For the ground state n = 1, R = 0, and m = 0.

     at 
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(Problem 7-19 continued)

(b)  at 

(c)  at 

7-20. (a) For the ground state, 

For , at r = a0 we have

(b) For )r = 0.03a0, at r = 2a0 we have 

7-21.   For P(r) to be a maximum, 

This condition is satisfied when  or .  For r = 0, P(r) = 0 so the maximum 

P(r) occurs for .

7-22.
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(Problem 7-22 continued)

Letting , we have that  and  and substituting these above,

Integrating on the right side 

Solving for  yields

7-23. (Z = 1 for hydrogen)

(a) For )r = 0.02a0, at r = a0 we have

(b) For )r = 0.02a0, at r = 2a0 we have
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7-24.

where , a constant.

7-25. (Z = 1 for hydrogen)

(a) At r = a0,

(b) At r = a0, 

(c) At r = a0,

7-26. For the most likely value of r, P(r) is a maximum, which requires that (see Problem 7-24)
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(Problem 7-26 continued)

For hydrogen Z = 1 and 

This is satisfied for r = 0 and r = 4ao.  For r = 0 , P(r) = 0 so the maximum P(r) occurs for    r =

4ao .

7-27.

n 1 2 3

R 0 0 1 0 1 2

m
R

0 1 !1, 0, 1 0 !1,0,1 !2, !1, 0, 1, 2

number of m
R
 states'R 1 1 3 1 3 5

number of degenerate

states'n

1=12 4 = 22 9 = 32

7-28.

Because  is only a function of r, the angle derivatives in Equation 7-9 are all zero.

  Substituting into Equation 7-9, 
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(Problem 7-28 continued)

For the 100 state  and , so 

Thus,  and we have that

, satisfying the Schrödinger equation.

7-29. (a) Every increment of charge follows a circular path of radius R and encloses an area , so

the magnetic moment is the total current times this area.  The entire charge Q rotates with

frequency , so the current is

(b) The entire charge is on the equatorial ring, which rotates with frequency .
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7-30. Angular momentum  or 

7-31. (a) The K ground state is R = 0, so two lines due to the spin of the single s electron would be

seen.

(b) The Ca ground state is R = 0 with two s electrons whose spins are opposite resulting in S=0,

so there will be one line.

(c) The electron spins in the O ground state are coupled to zero, the orbital angular momentum

is 2, so five lines would be expected.

(d) The total angular momentum of the Sn ground state is j = 0, so there will be one line.

7-32. (From Equation 7-51)

and 

Each atom passes through the magnet’s 1m length in  and cover the additional

1m to the collector in the same time.  Within the magnet they deflect in the z direction an

amount z1 given by:  

and leave the magnet with a z-component of velocity given by .  The additional z

deflection in the field-free region is 

The total z deflection is then .

or 
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(Problem 7-32 continued)

7-33. (a) There should be four lines corresponding to the four mJ values !3/2, !1/2, +1/2, +3/2.

(b) There should be three lines corresponding to the three m
R
 values !1, 0, +1.

7-34. For º

For º

7-35. For R = 2, , 

For j = 3/2, 

For j = 5/2, 

7-36. (a) 

(b) 

(c) J = L + S and JZ = LZ + SZ = m
R
S + msS = mjS where mj = !j, !j+1, ... j!1, j.  For j = 5/2 the

z-components are !5/2, !3/2, !1/2, +1/2, +3/2, +5/2.  For j = 3/2, the z-components are

!3/2, !1/2, +1/2, +3/2.
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7-37. j = R ± 1/2.  

7-38. If  This is an f state.

7-39. (a) L = L1 + L2.  

(b) S = S1 + S2

(c) J = L + S

For R = 2 and s = 1, j = 3, 2, 1

R = 2 and s = 0, j = 2

For R = 1 and s = 1, j = 2, 1, 0

R = 1 and s ! 0, j = 1

For R = 0 and s = 1, j = 1

R = 0 and s = 0, j = 0

(d) J1 = L1 + S1

J2 = L2 + S2

(e) J = J1 + J2

For j1 = 3/2 and j2 = 3/2,  j = 3, 2, 1, 0

j1 = 3/2 and j2 = 1/2,  j = 2,1

For j1 = ½ and j2 = 3/2,  j = 2, 1

j1 = ½ and j2 =1/2,   j = 1,0

These are the same values as found in (c).
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7-40. (a)    Using values from Figure 7-22, 

(b) 

(c) 

7-41.   Substituting into Equation 7-57 with V = 0, 

7-42.     Neutrons have antisymmetric wave functions, but if spin is ignored then one is

in the n = 1 state, but the second is in the n = 2 state, so the minimum energy is:

 where

7-43. (a) For electrons: Including spin, two are in the n = 1 state, two are in the n = 2 state, and one is

in the n = 3 state.  The total energy is then:
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(Problem 7-43 continued)

(b) Pions are bosons and all five can be in the n = 1 state, so the total energy is:

7-44. (a) Carbon: 

(b) Oxygen: 

(c) Argon: 

7-45. (a) Chlorine: 

(b) Calcium: 

(c) Germanium : 

7-46. Both Ga and In have electron configurations (ns)2 (np) outside of closed shells

(n-1, s)2 (n-1, p)6 (n-1, d)10 .  The last p electron is loosely bound and is more easily removed

than one of the s electrons of the immediately preceding elements Zn and Cd.

7-47. The outermost electron outside of the closed shell in Li, Na, K, Ag, and Cu has R = 0.  The

ground state of these atoms is therefore not split.  In B, Al, and Ga the only electron not in a

closed shell or subshell has R = 1, so the ground state of these atoms will be split by the spin-

orbit interaction.

7-48.
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7-49. (a) Fourteen electrons, so Z = 14. Element is silicon.

(b) Twenty electrons. So Z = 20.  Element is calcium.

7-50. (a) For a d electron, R = 2, so 

(b) For an f electron, R = 3, so 

7-51. Like Na, the following atoms have a single s electron as the outermost shell and their energy

level diagrams will be similar to sodium’s: Li, Rb, Ag, Cs, Fr.

The following have two s electrons as the outermost shell and will have energy level diagrams

similar to mercury: He, Ca, Ti, Cd, Mg, Ba, Ra.

7-52. Group with 2 outer shell electrons: beryllium, magnesium, calcium, nickel, and barium.

Group with 1 outer shell electron: lithium, sodium, potassium, chromium, and cesium.

7-53. Similar to H: Li, Rb, Ag, and Fr.   Similar to He: Ca, Ti, Cd, Ba, Hg, and Ra.

7-54.

n R j
4 0 ½
4 1 ½
4 1 3/2
5 0 ½
3 2 3/2
3 2 5/2
5 1 ½
5 1 3/2
4 2 3/2
4 2 5/2
6 0 ½
4 3 5/2
4 3 7/2

Energy is increasing downward in the table.
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7-55. Selection rules: 

Transition )R )j Comment

4S1/2 ÿ 3S1/2 0 0 R - forbidden

4S1/2 ÿ 3P3/2 +1 +1 allowed

4P3/2 ÿ 3S1/2 !1 !1 allowed

4D5/2 ÿ 3P1/2 !1 !2 j - forbidden

4D3/2 ÿ 3P1/2 !1 !1 allowed

4D3/2 ÿ 3S1/2 !2 !1 R - forbidden

7-56. (a)

(b)

7-57.

The four states are 2P3/2, 
2P1/2, 

2D5/2, 
2D3/2.

Transition )R )j Comment

D5/2 ÿ P3/2 !1 !1 allowed

D5/2 ÿ P1/2 !1 !2 j - forbidden

D3/2 ÿ P3/2 !1 0 allowed

D3/2 ÿ P1/2 !1 !1 allowed
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7-58. (a) 

(b) 

(c) The Bohr formula gives the energy of the 3D level quite well, but not the 3P level.

7-59. (a)    (Equation 7-72) Where s = 1/2, R = 0 gives j = ½ and (from Equation 7-

73) g = 2.  mj = ±1/2.

The total splitting between the mj = ±½ states is 

(b) The mj = ½ (spin up) state has the higher energy.

(c)

This is in the microwave region of the spectrum.

7-60.
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7-61. (a) 

(b) 

(c) The smallest measurable wavelength change is larger than this by the ratio 

0.01 nm / 0.00783 nm = 1.28.  The magnetic field would need to be increased by this same

factor because .  The necessary field would be 0.0638 T.

7-62.

7-63.

7-64. (a) 
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(Problem 7-64 continued)

(b) 

The values of R = 0, 1, 2, ... yield all the positive integer multiples of E1.

(c)  ÿ 

(d) 

7-65. (a)     (From Equation 7-51)

From Newton’s 2nd law, 
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(Problem 7-65 continued)

(b) At 14.5 km/s = v =  the atom takes 

to traverse the magnet.  In that time, its z deflection will be:

Its vz velocity component as it leaves the magnet is  and its additional z deflection

before reaching the detector 1.25 m away will be:

Each line will be deflected  from the central position and, thus, separated

by a total of 19.5 mm = 1.95 cm.

7-66.  with 

.  Thus, 

or, 

And,   For large R, 2min is small.  Then 
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7-67. (a)

(b)

(c)

7-68. (see Problem 7-63)

For hydrogen, Z = 1 and at the edge of the proton .  At that point, the

exponential factor in P(r) has decreased to:

Thus, the probability of the electron in the hydrogen ground state being inside the nucleus, to

better than four figures, is:

7-69. (a) 

For 2 P1/2 : j = 1/2, R = 1, and s = ½

For 2 S1/2 : j = 1/2, R = 0, and s = ½
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(Problem 7-69 continued)

The 2 P1/2 levels shift by:

 The 2 S1/2 levels shift by:

To find the transition energies, tabulate the several possible transitions and the corresponding

energy values (Let Ep and Es be the B = 0 unsplit energies of the two states.):

Transition Energy

Transition Energy

Thus, there are four different photon energies emitted.  The energy or frequency spectrum

would appear as below (normal Zeeman spectrum shown for comparison).

(b) For  2 P3/2 : j = 3/2, R = 1, and s = ½
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(Problem 7-69 continued)

 

These levels shift by:

Tabulating the transitions as before:

Transition Energy

forbidden, 

forbidden 

There are six different photon energies emitted (two transitions are forbidden); their spectrum

looks as below:
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7-70. (a) Substituting  into Equation 7-9 and carrying out the indicated operations yields

(eventually)

Canceling  and recalling that  (because R given is for n = 2) we have

  The circumference of the n = 2 orbit is: . 

Thus, 

(b) or  and Equation 7-9 is satisfied.

Integrating (see Problem 7-22), 

7-71. (Equation 7-43)

(a) The 1s state has R = 0, so it is unaffected by the external B.

The 2p state has R = 1, so it is split into three levels by the external B.

(b) The 2p ÿ 1s spectral line will be split into three lines by the external B.
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(Problem 7-71 continued)

(c) In Equation 7-43 we replace :B with so

   (From Equation 7-45)

Then 

  (From Problem 7-60) Where 8 for the (unsplit) 2p ÿ 1s transition is

given by  and 

and 

and 

7-72.    where, for n = 3, 

For 3P states , 

For 3D states 
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7-73. (a) J = L + S      (Equation 7-71)

(b) 

(c) 

(d) 

(e)

where 
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7-74. The number of steps of size unity between two integers (or half-integers) a and b is . 

Including both values of a and b, the number of distinct values in this sequence is  . 

For F = I + J, the largest value of f is I+J = b.  If I < J, the smallest values of f is J!I = a.  The

number of different values of f is therefore .  For I > J, the

smallest value of f is I!J = a.  In that case, the number of different values of f is

.  The two expressions are equal if I = J.

7-75. (a) 

(b) 

(c) 


