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     Sketch 
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     Sketch 
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     From Problem 2.2, phase t
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     So, 
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(b) 
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     Now 
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     Then 

        

22

10

2

1

2

1






























pep

h

m

h

m

hc


 

     which yields 

        
mc

h
p

2

100
  

        
100

2
2

100

2mc
mc

h

hchc
EE

p

p 


 

               
  

100

1031011.92
2831 




 

               
151064.1  J 25.10 keV 

_______________________________________ 

 

 

2.10 

(a) 
10

34

1085

10625.6











h
p  

           
2610794.7   kg-m/s 

        4

31

26

1056.8
1011.9

10794.7











m

p
 m/s 

or     
61056.8  cm/s 

         24312 1056.81011.9
2

1

2

1
 mE  

           
211033.3  J 

or    2

19

21

1008.2
106.1

10334.3 









E eV 

(b)   2331 1081011.9
2

1
 E  

           
2310915.2  J 

or    4

19

23

1082.1
106.1

10915.2 









E eV 

         331 1081011.9  mp  

           
2710288.7  kg-m/s 

        8

27

35

1009.9
10288.7

10625.6 











p

h
 m 

or     
o

A909  

_______________________________________ 

 

2.11 
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2.13 

(a) (i)  xp  
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2.16 

(a) If  tx,1  and  tx,2  are solutions to  

       Schrodinger's wave equation, then 
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   Adding the two equations, we obtain 
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   which is Schrodinger's wave equation.  So 

      txtx ,, 21   is also a solution. 
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   Since 1  is a solution, then 
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   Subtracting these last two equations, we have 

     




























xxxm

21

21
2

2

2

2

2 21

2


 

                                                   
t

j






 2

2

1
  

     Since 2  is also a solution, we have 
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   Subtracting these last two equations, we obtain 
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   This equation is not necessarily valid, which  

   means that 21  is, in general, not a solution  

   to Schrodinger's wave equation. 
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2.19 
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    or     
o

A54.78  

(ii)   431 101011.9  mp  

                   
271011.9  kg-m/s 

         24312 101011.9
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1
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1  mE  
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2.23 
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         212 100698.1  nEn J 

     or 
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     Then 

           
3

1 1069.6 E eV 

           
2
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2
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2.26 
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2
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10054.1
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n
En



       202 10018.6  n J 
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19
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n
n
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eV 

Then 

          376.01 E eV 

          504.12 E eV 

          385.33 E eV 

(b) 
E
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        19106.1504.1385.3 E  

            
191001.3  J 
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2.27 
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        6223 10538.21015   n  

    or  
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2.28 

     For a neutron and 1n : 
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2
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     or 
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     For an electron in the same potential well: 
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     or 
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2.29 

     Schrodinger's time-independent wave  

     equation 
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     We know that 

          0x  for 
2

a
x   and 
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a
x


  

     We have 

          0xV  for 
22

a
x
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     so in this region 

        
 

  0
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x

x





 

     The solution is of the form 

          kxBkxAx sincos   

     where 

        
2

2



mE
k   

     Boundary conditions: 

          0x  at 
2

,
2

a
x

a
x





  

     First mode solution: 

          xkAx 111 cos  

     where 

        
2

22

11
2ma

E
a

k


  

     Second mode solution: 

          xkBx 222 sin  

     where 

        
2

22

22
2

42

ma
E

a
k


  

     Third mode solution: 

          xkAx 333 cos  

     where 

        
2

22

33
2

93

ma
E

a
k


  

     Fourth mode solution: 

          xkBx 444 sin  

     where 

        
2

22

44
2
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ma
E

a
k
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2.30 

     The 3-D time-independent wave equation in  

     cartesian coordinates for   0,, zyxV  is: 
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2 ,,,,,,

z
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y
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     Use separation of variables, so let 

               zZyYxXzyx ,,  

     Substituting into the wave equation, we  

     obtain 
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     Dividing by XYZ  and letting 
2

2 2
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k  , we  
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     We may set 

        0
1 2
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X
k

x

X

X
xx  

     Solution is of the form 

             xkBxkAxX xx cossin   

     Boundary conditions:   000  BX  

     and   
a

n
kaxX x

x


 0  

     where ....3,2,1xn  

     Similarly, let 

        2

2

21
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y

Y

Y





  and  2

2
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z

Z

Z





  

     Applying the boundary conditions, we find 

        
a

n
k

y

y


 ,  ....3,2,1yn  

        
a

n
k z

z


 ,  ...3,2,1zn  

     From Equation (1) above, we have 

        02222  kkkk zyx  

     or 

        
2

2222 2



mE
kkkk zyx   

     so that 

         222

2
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2
zyxnnn nnn
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EE
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2.31 

     (a) 
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2,,
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2

2
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yx

mE

y
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x

yx





 

        Solution is of the form: 

            ykxkAyx yx sinsin,   

       We find 
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x
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      Substituting into the original equation, we 

find: 

    (1)      0
2

2

22 


mE
kk yx  

     From the boundary conditions, 

          0sin akA x , where 
o

Aa 40  

     So  
a

n
k x

x


 ,  ...,3,2,1xn  

     Also  0sin bkA y , where 
o

Ab 20  

     So  
b

n
k

y

y


 ,  ...,3,2,1yn  

    Substituting into Eq. (1) above 

          















2

22

2

222

2 b

n

a

n

m
E

yx
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(b)Energy is quantized - similar to 1-D result. 

    There can be more than one quantum state  

    per given energy - different than 1-D result. 

_______________________________________ 

 

2.32 

(a) Derivation of energy levels exactly the 

same as in the text 
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3
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o
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   or  3

19

22

1085.3
106.1

10155.6 









E eV 
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  (ii) For 5.0a cm 

        
 

  2227

2234

105.01067.12

10054.13











E  

                
3610939.3  J 

     or 

        17

19

36

1046.2
106.1

10939.3 









E eV 
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2.33 

(a) For region II, 0x  

        
 

    0
2

222

2

2





xVE

m

x

x
O 




 

  General form of the solution is 

             xjkBxjkAx 22222 expexp   

  where 

         OVE
m

k 
22

2


 

  Term with 2B  represents incident wave and  

term with 2A  represents reflected wave. 

  Region I, 0x  

        
 

  0
2

122

1

2





x

mE

x

x





 

  General form of the solution is 

             xjkBxjkAx 11111 expexp   

  where 

        
21

2



mE
k   

  Term involving 1B  represents the 

transmitted wave and the term involving 1A  

represents reflected wave:  but if a particle is 

transmitted into region I, it will not be 

reflected so that 01 A . 

  Then 

           xjkBx 111 exp   

             xjkBxjkAx 22222 expexp   

(b) 

  Boundary conditions: 

(1)    00 21  xx   

(2) 
0

2

0

1

 








xx xx


 

      Applying the boundary conditions to the 

solutions, we find 

        221 BAB   

        112222 BkBkAk   

 

 

      Combining these two equations, we find 

          2

12

12

2 B
kk

kk
A 

















  

           2

12

2

1

2
B

kk

k
B 













  

       The reflection coefficient is 

            

2

12

12

*

22

*

22




















kk

kk

BB

AA
R  

       The transmission coefficient is 

             
 2

21

214
1

kk

kk
TRT


  

_______________________________________ 

 

2.34 

             xkAx 222 exp   

          
 

 xk
AA

x
P 2*

22

2

2exp 


 

     where  
 

22

2



EVm
k o   

             
   

34

1931

10054.1

106.18.25.31011.92








  

        
9

2 10286.4 k m 1  

(a) For 101055 
o

Ax m 

              xkP 22exp   

                    109 105102859.42exp   

                 0138.0  

(b) For 10101515 
o

Ax m 

             109 1015102859.42exp P  

              
61061.2   

(c) For 10104040 
o

Ax m 

              109 1040102859.42exp P  

               
151029.1   

_______________________________________ 

 

2.35 

           ak
V

E

V

E
T

oo

22exp116 


























  

     where 
 

22

2



EVm
k o   

             
   

34

1931

10054.1

106.11.00.11011.92
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     or        2k
910860.4  m 1  

(a) For 
10104 a m 

   109 1041085976.42exp
0.1

1.0
1

0.1

1.0
16 

















T

    0295.0  

(b) For 
101012 a m 

   109 10121085976.42exp
0.1

1.0
1

0.1

1.0
16 

















T

    
51024.1   

(c) eNJ t , where tN  is the density of  

                 transmitted electrons. 

       1.0E eV
20106.1  J 

                            2312 1011.9
2

1

2

1
  m  

        
510874.1  m/s

710874.1  cm/s 

            7193 10874.1106.1102.1  

tN  

         
810002.4 tN  electrons/cm 3  

     Density of incident electrons, 

      10
8

10357.1
0295.0

10002.4



iN cm 3  

_______________________________________ 

 

2.36 

           ak
V

E

V

E
T

OO

22exp116 


























  

(a) For   omm 067.0  

      
 

22

2



EVm
k O 

  

    
 

2/1

234

1931

10054.1

106.12.08.01011.9067.02






















 

     or 

          
9

2 10027.1 k  m
1
 

     Then 

          


















8.0

2.0
1

8.0

2.0
16T  

                         109 101510027.12exp   

     or 

          138.0T  

(b) For   omm 08.1  

 

 

 

 

 

          2k = 

     
    

 

2/1

234

1931

10054.1

106.12.08.01011.908.12





















 

     or 

          9

2 10124.4 k  m 1  

     Then 

          


















8.0

2.0
1

8.0

2.0
16T  

                             109 101510124.42exp   

     or 

          
51027.1 T  
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2.37 

           ak
V

E

V

E
T

oo

22exp116 


























  

    where  
 

22

2



EVm
k o   

       
    

34

19627

10054.1

106.1101121067.12








  

       
1410274.7  m 1  

     (a) 

     1414 1010274.72exp
12

1
1

12

1
16 

















T  

       548.14exp222.1   

      
710875.5   

     (b) 

       710875.510 T  

                       a1410274.72exp222.1   

            











6

14

10875.5

222.1
ln10274.72 a  

     or  
1410842.0 a m 

_______________________________________ 

 

2.38 

        Region I  0x , 0V ; 

        Region II  ax 0 , OVV   

        Region III  ax  , 0V  

(a) Region I: 

               xjkBxjkAx 11111 expexp   

                           (incident)       (reflected) 
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      where 

              
21

2



mE
k   

     Region II: 

               xkBxkAx 22222 expexp   

     where 

          
 

22

2



EVm
k O 

  

     Region III: 

               xjkBxjkAx 13133 expexp   

     (b) 

        In Region III, the 3B  term represents a  

     reflected wave.  However, once a particle  

     is transmitted into Region III, there will  

     not be a reflected wave so that 03 B . 

     (c) Boundary conditions: 

          At 0x :  21   

                     2211 BABA   

                          
dx

d

dx

d 21 
 

                    22221111 BkAkBjkAjk   

          At ax  :  32   

                       akBakA 2222 expexp   

                                                ajkA 13 exp  

                          
dx

d

dx

d 32 
 

                       akBkakAk 222222 expexp   

                                             ajkAjk 131 exp  

     The transmission coefficient is defined as 

          
*

11

*

33

AA

AA
T   

     so from the boundary conditions, we want  

     to solve for 3A  in terms of 1A .  Solving  

     for 1A  in terms of 3A , we find 

        akakkk
kk

jA
A 22

2

1

2

2

21

3

1 expexp
4




  

                 akakkjk 2221 expexp2   

                                        ajk1exp  

     We then find 

 

 

 

 

 

 

 

 

        
 

    akkk
kk

AA
AA 2

2

1

2

22

21

*

33*

11 exp
4

  

                                            22exp ak  

                        2

22

2

2

2

1 expexp4 akakkk   

     We have 

          
 

22

2



EVm
k O 

  

     If we assume that EVO  , then ak 2  will  

     be large so that 

             akak 22 expexp   

     We can then write 

          
 

    22

2

1

2

22

21

*

33*

11 exp
4

akkk
kk

AA
AA   

                                          2

2

2

2

2

1 exp4 akkk  

     which becomes 

          
 

   akkk
kk

AA
AA 2

2

1

2

22

21

*

33*

11 2exp
4

  

     Substituting the expressions for 1k  and  

     2k , we find 

          
2

2

2

2

1

2



OmV
kk   

     and 
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1
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mEEVm
kk O  

                      EEV
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2

2
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V

E
V

m
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 1

2
2

2
 

     Then 

          

 

 
















































E
V

E
V

m

ak
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AA
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O

O

O

1
2

16

2exp
2

2

2

2

2

2

*

33

*
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 ak
V

E

V

E

AA

OO

2

*

33

2exp116 


























  

     Finally, 

       ak
V

E

V

E

AA

AA
T

OO

2*

11

*

33 2exp116 
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2.39 

     Region I: 0V  

          
 

  



0

2
122

1

2

x
mE

x

x





 

               xjkBxjkAx 11111 expexp   

                          incident             reflected 

     where 

          
21

2



mE
k   

     Region II: 1VV   

          
   

  






0

2
22

1

2

2

2

x
VEm

x

x





 

               xjkBxjkAx 22222 expexp   

                          transmitted        reflected 

     where 

          
 

2

1

2

2



VEm
k


  

     Region III: 2VV   

          
   

  






0

2
32

2

2

3

2

x
VEm

x

x





 

             xjkAx 333 exp  

                          transmitted 

     where 

          
 

2

2

3

2



VEm
k


  

     There is no reflected wave in Region III. 

     The transmission coefficient is defined as: 

 

          
*

11

*

33

1

3

*

11

*

33

1

3

AA

AA

k

k

AA

AA
T 




 

     From the boundary conditions, solve for 3A   

     in terms of 1A .  The boundary conditions are: 

     At 0x :   21   

                   2211 BABA   

                       









xx

21 
 

                   22221111 BkAkBkAk   

     At ax  :   32   

                      ajkBajkA 2222 expexp   

                                                  ajkA 33 exp  

 

 

 

 

 

 

 

                       









xx

32 
 

                      ajkBkajkAk 222222 expexp   

                                                   ajkAk 333 exp  

     But  nak 22  

              1expexp 22  ajkajk  

     Then, eliminating 1B , 2A  , 2B  from the  

     boundary condition equations, we find 
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31

31

2

31

2

1
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3 44
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k

k
T
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2.40 

(a) Region I: Since EVO  , we can write 

          
   

  0
2

122

1

2








x

EVm

x

x O 



 

       Region II: 0V , so 

          
 

  0
2

222

2

2





x

mE

x

x





 

       Region III: 03  V  

     The general solutions can be written,  

     keeping in mind that 1  must remain  

     finite for 0x , as 

             xkBx 111 exp  

               xkBxkAx 22222 cossin   

            03 x  

     where 

          
 

21

2



EVm
k O 

  and  
22

2



mE
k   

     (b) Boundary conditions 

     At 0x :   21  21 BB   

                       2211

21 AkBk
xx









 
 

     At ax  :  32   

                             0cossin 2222  akBakA  

     or 

           akAB 222 tan  

     (c) 

          1

2

1

22211 B
k

k
AAkBk 













  

     and since 21 BB  , then 

          2

2

1

2 B
k

k
A 
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     From  akAB 222 tan , we can write 

           akB
k

k
B 22

2

1

2 tan












  

     or 

           ak
k

k
2

2

1 tan1 












  

     This equation can be written as 

          














 a

mE

E

EVO

2

2
tan1


 

     or 

          














a

mE

EV

E

O
2

2
tan


 

     This last equation is valid only for specific 

values of the total energy E .  The energy 

levels are quantized. 

_______________________________________ 

 

2.41 

        
  222

4

24 n

em
E

o

o

n






(J) 

              
  222

3

24 n

em

o

o







(eV) 

              
  

     2234212

31931

10054.121085.84

106.11011.9

n









 

     or 

           
2

58.13

n
En


  (eV) 

         58.131 1  En eV 

        395.32 2  En eV 

         51.13 3  En eV 

         849.04 4  En eV 
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2.42 

     We have 
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r

a
exp

11
2/3

100


  

     and 
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100100

24  rP   
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     or 
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a
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2
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     To find the maximum probability 

          
 

0
dr

rdP
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2
exp
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r
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2
exp2  

     which gives 

          o

o

ar
a

r



 10  

     or oar   is the radius that gives the greatest  

     probability. 
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2.43 

     100  is independent of   and  , so the wave  

     equation in spherical coordinates reduces to 

           0
21

2

2
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rVE
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     where 
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e
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     so 
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     We then obtain 
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     Substituting into the wave equation, we have 
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     where 
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     Then the above equation becomes 
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2112

22



































raaara oooo

 

     which gives 0 = 0 and shows that 100  is  

     indeed a solution to the wave equation. 

_______________________________________ 

 

2.44 

     All elements are from the Group I column of  

     the periodic table.  All have one valence  

     electron in the outer shell. 

_______________________________________ 
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