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Chapter 5

. A
1. Starting with Equation (5.1), withn =1 and # = 15°, sin6, = 2= 0.259
Second order:
sinfy = = 2sin &, 8y = sin™! (2sin 0;) =31.2°

2d
63 = sin™! (3sin4,) = 50.9°

* 2. Use A =0.186 nm, and we know from the text that d = 0.282 nm for NaCl.

nA A
=1: i = — = —— =(0.284 6 =19.3°
n=1 sin @ 5d = 24 19
nAx A
= 2: inf = — == = 0.567 =41.3°
n=2 sin 59 = 4 6 1.3

AN =41.3°-19.3° = 22.0°
3. For n =1 we have A = 2dsind = 2(0.314 nm) (sin 12°) = 0.131 nm

_he _ 1240 eV - nm

E A 0.131nm

= 0.47keV

n
The largest order n is the largest integer for which d <1

2d
< —=4.79
n X

so we can observe up through n =4,

4. As in Davisson-Germer scattering nA = Dsin ¢
A he 1240 eV - nm
=sin ! (2 =sin~} | == = sin~! =3.0°
¢ =sin (D) sin (ED) s ((105 eV) (0.24 nm)) 30

h 6626 x 1073 J.s 5

== =3.68 x 107

P (3.0kg) (6.0 m/s) o

No, the wavelength of the water waves depends on the medium; they are strictly mechanical

waves.

A=

6. Using the mean speed from kinetic theory (Chapter 9)

4 [kT 4 [(1.38 x 1023 J/K)(310.15 K)
V= —— _— = = e 2 o .
SV m T o 28 (1.66 x 10~ kg) 484.2m/s
}

L 6.626 x 1073 J.g
p  28(1.66 x 10-27 kg) (484.2 m/s)

or roughly 3% of the size of the molecule.

=294 x 1071y
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7.

* 8.

10.

Using the approach of Example 5.2, and with K = eAV we have, assurmning relativistic effects

are small,
h h he

TP VamK 2 (mdK
If we do not assumne that relativistic eifects are small. then
_h he
Tp T JETr2(mAK
See problem 11 for details. When K = 40keV, if we use the non-relativistic formula then

\ o 1240eV - nm
/2 (0.511 x 108eV) (40 x 103eV)

Using the relativistic formula, we find

¢ \lf .
A= 1240eV - nm =6.02pm .

V(40 % 103 V)2 + 2 (0511 x 10°6V) (40 x 103 eV)

=6.13%x 1073 nm =6.13pm .

This represents a 2% difference. Clearly when K = 100keV, we must use the relativistic
approach and we find A = 3.70 x 10~3 nm = 3.70 pm.

The resolution will be comparable to the de Broglie wavelength. The energy of the microscope
requires a relativistic treatment, so

\ - B_ he
T p JVEIr2mdK

1240eV - nm
V(3 108eV)? +2(0.511 x 10°6V) (3 x 106 eV)
= 357 x 107*nm = 0.357 pm

(50 eV) (1.602 x 10719 J/eV) = 8.01 x 10718 ]

5\ = h 6.626 x 10™34 J -5
V2mK  1/2(9.100 x 10-31 kg) (8.01 x 10-18 J)

'T'his is the same as in the textbook’s example.

=1.73x 10710

When E >> Ey then E = pc for the particle; E = pc for a photon. Therefore the electron’s
energy is approximately equal to the photon energy.

If £ = 2Eg then we cannot use E = pc. The exact expression is

- VET-E _ V3E,
C C

for the electron’s momentum. Then the de Broglie wavelength is
h he

A=—= ———
P V3Eg

If the photon has the same wavelength, its energy is

E:’%:Jé}_::o

ﬁ



Chapter 5 Wave Properties of Matter and Quantum Mechanics I

~ * 11. a) Relativistically
o VB _ VE +m)? — (m? RT3 Rme
c C [

he

A= h_
P VK?+2Kmc?
b) Non-relativistically, as in the text

h he

\FmK vV2melK

* 12. The rest energy of the electron is very small compared to the total energy.

/E2 _ E2
—EC—E—'O—=50GeV/c

h 1240 eV -nm

p:

A= —=——————~ =248 x 107V7
p 50 GeV X m
2.48 x 10~17
fraction = '—mo—_'ls—mm- = (0.012

13. a) For photons kinetic energy equals total energy and de Broglie wavelength is wavelength
he 1240 eV -um

(= E= 00 2ROV I g o7 eV
K A 0.15 nm ke
~- b) The energy is low enough that we can use the non-relativistic formula:
2 2 9 ) 2
K= h’)z (hc32= (1240 €V - nm) = 66.9 6V
2mA?  2mc2A? - 2(511 x 103 V) (0.15 nm)?
¢)
2 (he)? (1240 eV - nm)?
K= = = =0.036 eV
2mA?  2mc2A? 2(939 x 108 V) (0.15 nm)*
d) |
h? (he)? _ (1240 eV - nm)?

K= =917 x 1073 eV

2mA2 "~ 2me?A? T 2(3727 x 108 V) (0.15 nim)°

14. a) As in Problem 6 we use the mean speed formula from kinetic theory:

KT 4 [(1.38x10-2 J/K) (5 K)
— = D 2
v= mv =V Qe xio-Thg  orAm/s
N 6.626 x 1073 J .5
p  (1.675 x 10~27 kg) (324 m/s)

- (138 x 108 I/K)QOLK) _ o
v= mv \/_ (1675 x 10-2 kg) 0 MW/F
b

6.626 x 1073 J . 97 3
= — nm
. T p (1 675 x 1027 kg) (14.5 m/s) !

=1.22 nm

b)
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* 15. From the accelerating potential we know K = eV’ = 3 keV.
EF=K+FEy)=514keV

Vo7 ] 514 keV)? — (511 keV)?
BB _ \/( =t ) =554 keV/c

c c
. h  he 1240 eV - nm

P:

A ng=m=22.4pm
16. We use the relativistic formula derived in Problem 11:
a=lo_he
P VKZ+2Kmc?
a) A =0.194 nm b) A=6.13x10"2nm  ¢) A=194x 1072 nm

d) A =6.02 x 1073 nm e) A=1.64 x 1073 nm f) A =277 x10"% nm

From Example 5.1 in the text, we know the spacing of the NaCl lattice is 0.282 nm. So even
the lowest energy electrons here could be used to probe the crystal structure.

17. a)
h 6.626 x 1073 J.s

- = - =2.60 x 1071
p _ 32(1.661 x 102" kg) (480 m/5) X m

A=

h 6.626 x 10731 J.s

=== : =442 x 10713
p (1.5 x 10-15 kg) (10— m/s) % "

18. Using the relativistic formula from Problem 11
he 1240 eV - nmn

h
A = - = =
P VK?Z+2Kmc? \/(1012 eV)? -+ 2(1012 eV) (938 x 105 eV)

=1.24x 10718

19.
d = Dsin(¢/2) = (0.23 nm)sin 16° = 0.063 nm

A= Dsing = (0.23 nm)sin32° = 0.122 nm

- L_ne_ s eV MR g9 keV/e
P=X7 % (0.122 nm)c 102 keV/e

E =/ + B} = \/(102 keV)? 4 (511 keV)? = 511.102 keV
K =E-~Ep=102 eV

20. Beginning with Equation (5.7) and with ¥p = 48 V and D = 0.215 nin for nickel, we have

_ 1.226 nm - Vi/2

V48 V

A 0.177 nm
b= gin— ! —_— = ain—1 —_—— — 4°
@ = sin (D) = sin (0.215 mn) = 55.4
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At 64 eV
)\ - 1.226 nmn - V1/?

V64V

A 0.153 nin
—ain-l {2 2 ! — AF 4°
¢ = sin (D) S (0.215 nm) 154

First we compute the wavelength of the electrons:

=0.153 nm

h h 1240 eV -
A= —= ¢ = ° oo =274 x 10—2 nm

PVE =B /(513 keV)? - (511 keV)’

From Figure 5.7(a) we see that 26, = tan~! (2.1 cm/35 cm) = 3.434° or 6, = 1.717°. Now
since A = 2dsin 8 we have

A 274x107% nm

- = =0.457
'™ 9sinf,  2sin(1.717°) nm

0, = %ta'n"l (2.3 cm/35 cm) = 1.880°

A 2.74 x 102 nm

27 9sin6,  2sin(1.880°) e

1
63 = 5 tan~! (3.2 em/35 cm) = 2.612°

A 2.74 x 1072 nm
W = = = {.301
37 2sinbs 2sin (2.612°) mm
h he 1240 eV - nm

A= = 0.181 nin

VamK  Vame2K  /2(930 x 10° eV) (0.025 eV)

A 0.181 nm
_ . — & -1 - = a1 -1 —— = 2 °
A=Dsing ¢=sin (D) St ( 0.45 nm ) >

We begin with Equation (5.23) Aw At = 27, Since w = 27 f the first equation is equivalent
1

to AfAt =1. Then At = — = ——

o Af et Af 030z

found from the bandwidth relation, then we must monitor the frequency of the system every

1.67 s.

= 3.33s. If we want the time to be one-half of that

Refer to problem 11. The 5 eV electrons are nonrelativistic. We must treat the 500 keV
electrons relativistically.

he _ 1240 ¢V - nm
V2mZK ~ \/2(0511 x 108eV) (5eV)

l
speed can be found using p = mv = Xl . Therefore

For the 5 eV electrons, A = = 0.549 nm. The electron

. 6.626 x 1073 - 5
T (9.11 x 10-31 kg) (0.549 x 10~9 m/s)

=1.33 x 106111/5
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Chapter 5 Wave Properties of Matter and Quantum Mechanics 1

26. ¢

and 8 = Y- 442 x 1078, Alternatively for this nonrelativistic case you could use K =
¢

5eV = %mv2 to find v.
The phase velocity is found using a modification of Equation (5.32). We must note that E
represents the total energy of the particle, so

_w_E/h _E 0511 x10°%V(1.602 x 10719 J/eV)
k= T /R T p T (911 x 103 kg) (1.33 x 105 m/s)

=6.76 x 10" m/s .

This speed exceeds the speed of light but is not associated with the transmission of infor-

mation. In problem 28 we will show that a simpler approach to find the phase velocity is to
¢

3 but either approach yields the same answer. We find the group velocity from

c? - pc

Equation (5.31). namely ug, = EET . In problem 73 from chapter 2, we showed that 8 = 5

use vpp =

SO gy = fc = 1.33 x 10% m/s which is the same as the particle speed.

For the 500 keV electrons,
_ he _ 1240 eV - nm
- .
VI +2(m) K 1500 x 103V)? + 2 (0.511 x 105 eV) (500 x 10 eV)

so A = 1.42 x 1073 nm. Using the same approach as before p = g = 4.67 x 10722 kg - m/s.
K+ Ep
Ey
= 1.16 ¢ and again the

= 1.979 and

However. this is a relativistic momentnm so p = ymov. We find v =

therefore v = 2.59 x 108 m/s = 0.863 c. The phase velocity is vps =

=i e

group velocity is the same as the particle velocity, ug, = 0.863 c.

.a) f= ; =0.571 Hz

b) From the initial conditions given, we should use a cosine function.

¥ = Acos ((%‘1) (z - vt)) = (3.0 cm) cos ((72;1) (10 cm — (4 em/s) (13 s))) =3.0cm

v _ 4.2 cm/s

a) f

b) T —l/f—()Qos

c) k=2r/\=n/2 cm™!
)
)

d) w=27/T = 2.17 rad/s

&

U = U + ¥y = 0.003 sin(6.0x — 300t) + sin(7.0z — 250¢]
We can use a trig identity sin A + sin B = 2sin (A';B) cos (#)
¥ = 0.006sin(6.52 — 275t) cos(—0.5z — 25t)

or because cosine is an even function

U = 0.006 sin(6.5x — 275t) cos(0.5x -+ 25¢)
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At 64 eV

1.226 nm - V'1/2
A= itk S SR, 0.153 nm

Vvee 'V

5 = sin-! i) - 0.153 nm) 15A°
o= D) 0205 mm)

. First we compute the wavelength of the electrons:

h hc 1240 eV . nm

= — = =274 x 1072 nm

P VE?-E] \/(513 keV)? - (511 keV)?

From Figure 5.7(a) we see that 26; = tan™! (2.1 cm/35 cm) = 3.434° or 6; = 1.717°. Now

since A = 2dsin@ we have ,
A 2.74 x 1072 nm 0457
= = = 0.457 n
V7 2sing, | 2sin(1.717°) m

1 ,
6, = 3 tan~! (2.3 cm/35 cm) = 1.880°

A 274x 107? nm

27 94ing;  Zsin (1.880°) Hm

1
03 = 5 tan™! (3.2 cm/35 cm) = 2.612°

A 2.74 x 1072 nm
dy = = = 0.301
37 2sin 03 2sin (2.612°) mm
he 240 eV -
y o h . e _ 1240 eV - nmn _ 0,181 um
V2mK  V2mc?K 1/2(939 x 108 eV) (0.025 V)
A 0.181 nm
= i =sin~ {1 ) = S1 L2 ) — 23.7°
A=Dsin¢ é = sin <D> sin ( TEET ) 23.7

We begin with Equation {5.23) Aw At = 27. Since w = 27 f the first equation is ecuivalent
1 1
to AfAt =1. Then At = — = ——
/ Af 030z
found from the bandwidth relation. then we must monitor the frequency of the svstem every
1.67 s.

= 3.33s. If we want the time to be one-half of that

-

Refer to problem 11. The 5 eV electrons are nonrelativistic. We mnst treat rhe 500 keV
electrons relativistically.

he _ 1240 eV - nm
V2meZK /200511  10%eV) (5eV)

= 0349 1um. The eleciron

For the 5 eV electrons, A =

!
speed can be found using p = mv = —\l- . Therefore

6.626 x 10731 ] . 5

$ = _ —— = 1.33 - 10"
U 011 % 107 kg) (0540 > 10-"m/=) e
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25.

26.

v . . T .
and 8 = - = 4.42 x 1073, Alternatively for this nonrelativistic case vou could use K =

5eV = %mvz to find v.
The phase velocity is found using a modification of Equnation (5.32). We must note that £

represents the total energy of the particle, so

w E/hE 0511 x10°eV (1.602 x 10717 /eV)

= — = = — = - =C.~'( ]010 s
Ch S R T PR p . (O1lx109kg) (133 x 108m/) n/s

This speed exceeds the speed of light but is not associated with the transmission of infor-
mation. In problem 28 we will show that a simpler approach to find the phase velocity is to

c . . . .
use vpp = 3 but either approach yields the same answer. We find the group velocity from
. pc - pc
Equation (5.31), namely ug = —- . In problem 73 from chapter 2. we showed that 3 = ol

50 ugr = Bc = 1.33 x 10 m/s which is the same as the particle speed.

For the 500 keV electrons,

5\ = he _ 1240 eV - nm
o P) - v ;
VEZ+2(me) K /(500 x 103eV)? + 2 (0.511 x 10PeV) (500 x 10%eV)
h
so A = 1.42 x 1073 nm. Using the same approach as before p = —i = 4.67 x 107kg -m/s.
. ' ]7’ =
However, this is a relativistic momentum so p = ymuv. We find vy = ! g 2 = 1.979 and
0

therefore v = 2.59 x 108 m/s = 0.863 c. The phase velocity is vph = — = 1.16 ¢ and again the

ol o

group velocity is the same as the particle velocity, ug = 0.863 c.

a) f = ; =0.571 Hz

b) From the initial conditions given, we should use a cosine function.

2r o .
¥ = Acos <<T> (z - vt)) = (3.0 cm) cos (( ) (10 em —~ (4 cm/s) (13 s))) = 3.0 cm

7cm

v 4.2cm/s
a)f—x—m—l.(ﬁ[{z

b)T=1/f=095s
c)k=2r/A=nm/2 cm~!
d) w = 27/T = 2.17 rad/s

. a)

U =0, + ¥y = 0.003[sin(6.0x — 300t) + sin(7.0x — 250

17 - . . - . A A=
We can use a trig identity sin A + sin B = 2sin ( .ZB) cos (‘TB)

¥ = 0.006sin(6.5x — 275t) cos( —0.5x — 25¢)
or because cosine is an even function

¥ = 0.006sin(6.5r — 2751) cos(0.5x + 25t)
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b)
wi +uwe 550 rad/s ,
Upp = = = =123 /s
ph ky 4 ko 13 m-! ‘
Aw 50 rad/s
Ugr = — = /s /s =50 m/s

Ak 1 m-!
22) Ax = 2n/Ak = 27 m is the separation hetween zeros.

c) As in Equation (5.
d) AkAz = (1 m~!) (27 m) = 2~

de dE d , 5, 2 1/2 pc? pe
Rt A U A E A 3

p2r p p v 3
The particle and its “signal” are associated with the group velocity. not the phase velocity.

. As in Example 5.6 we start with vy, = cA™ where cis a constant. We also know from Equation

d dvp,  du A 27
(5.33) that ug = vpp + k —:%h. We note further that ::’ = ;'\)\h (:1_1) Since A = T—r then
dv -2 —\?

— = —— = —— Therefore

dk k? 2r
_ 27\ dup, -\ _ dupp
Ug = Uph ¥ ('\") N (27) = v = (V)3

Setting uy = vpn = cA”, we find cA™ = cA™ — enA". This can be satisfied only if n = 0, so v,
is independent of . This is consistent with the idca that when a medium is non-dispersive.
the phase and group velocities are equal and the speed independent of wavelength.

Protons:
K+ Ey  946.27 MeV 1
= = = 1.00853 =4/1 - —— =0.130
7T TR, 938.27 MeV A=\1- Thoss
ugr = e = 0.130c Uph = % =7.7¢
Electrons:
K+ Ey 8511 MeV /
= = = 16.66 =4/1- — = ().99R2
T g, 0.511 MoV B=yl- Gam
Ugr = Be = 0.9982¢ Uph = E} = 1.002¢
- ko~Ak,2
U(r,0) = /A(k) cos(kzr)dk = Ao/ cos(kaydk
ko= Ak/2
(o) [K0T 3K/ |
_ 4, Snlko) = 29 (sin (ko — M/2) 5 = sine (koo — Ak 210
T lko—2aks2 I

24 Ak
= 9 sin ( 5 I) cos (kor}
x 2
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Ak;
See the diagrams below. At the half-width of |‘I’(I,())]2, we have sin? (a?r) -

Akzx =T andx = T Then Az =2r = —Aﬂ—k and AkAr = 7.

2.~ 4T T 20k

S50

0N ¢ e

[¥(z,0)?

cos (ko)

. / Envelope

* 32. Relativistically

M 2 2
u=d_b-=—d—(22+f'2)l/2 #——:E—
dp dp VP2 +El  E

Classically
_dE _ d p? P
T dp  dp\2m) m
33. For a double slit, the amplitude of £ is doubled, and hence.the intensity (proportional to £?)
is higher by a factor of four for the double slit.

34.
_ A h/p he 1240 eV - nm

sing sing (\/32—153) sin 6 (\/(512 keV)z—(SllkeV)z) sin 1°

= 2.22 nm

* 35. We make use of the small angle approximations: sin@ ~ tanfand sin0 = 6.

0.3 mm
0.8 m

=375 x 10~*

sinf =~ tanf =

A =dsinf ~d6 = (2000 nm) (3.75 x 10™*) = 0.75 nmn

h hce 1240 eV -nm
=———————————-16 keV
P d (075 om) ¢ 53 keV/e

K =E - Ey=\/p?®+ E} - Eo_\/’1653keV)2+(511koV) 511 keV =267 eV

Such low energies will present problems, because low-energy electrons are more easily deflected

by stray electric helds.
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al minhmum. Non-relativistically (with N = )

[

36. By the uncertainty principle ApAux =

2 2 32 (197.3 eV - 2
(Qp) — h — (he) - (197.3 eV - ) = 20.3keV

Enin = = = - -
T am T 8md? 83meld? T 5(938.27 x 108 V) (1.6 x 1075 m)”

37. For the n = 1 energy level

B2 B2 2 1240 eV - 1)’
P (1240 eV - mn) _ w511 MeV

E = - ==
8md?  8mc®d®  §(939.57 x 105 eV) (2 x 10=% mm)”

. I h - o .
By the uncertainty principle ApAx = 5 at minimum. Non-relativistically (with A = d)

(ap)?  R*

m Smd?

Emin = = 1.30 MeV

The two answers differ by the factor of (2m)? in using A or & in the cnergy formula.

* 33. The uncertainty ratio is the same for any mass and independent of the box length.

h h h
ApAr = mAvAzr > 3 or Av > EYE = Sl
= -_mv- = ; 3 v= 575 — & 7T

2 8mL? o A4m2L? 2L

39. For circular motion L = rp and so AL = rAp. Along the circle x = r6 and Ar = rA6. Thus

AL , h
Apdr = — (rAf) = ALA 2 5
" 3
For complete uncertainty Af = 27 and
72 A
A== _
2r d7
) fi
h 1.054 x 107 J - s -
AE > = : . =167 ~ 107"
ZOat - (2% 10% y) (3.16 » 107 5/v) !
. l
41. If we use Equation (5.44), At = 5 we tind
1 1 :
Av s —=o0———— =21, 10" Hz
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Chapter 5 Wave Properties of Maiter and Quantuin Mechanies |1

40. i .
h h 1240 e\ - . .
A= — = = = - — = =6.12 fin
P \V2mK V2 (3727 MeV) (5.5 MeV)

The minimum kinetic energy according to the uncertainty principle is

(Ap)*  (he) _ (197.33 eV - nm)?

K = =
2m 8mc? (Ar)?  8(3727 MeV) (16 x 106 nm)?

= 5.10 keV
Since the kinetic energy exceeds the minimum, it is allowed.

* 47. The proof is done in Example 6.11. With « = \/&/m we have a minimum energy

E_f'w_ﬁ ko 1.055 x 10734 J .5
S ToVm T 9

8.2N/m
0.0023 kg

=315 x 1073 ]
48. We can determine the value using the normalization condition:

L L 9
42 2 )_ - _ /=
/0 A¢sin ( 7 )(lm =1=4" o) A \ T

No answers are provided for questions 49 through 53.

= Asin (™ o = Asin [ 72 by = Asin [ 27F
1/)1-A5111(L) y.g—.-lan]( T ) H-Aam( T )

where A = /2/L . Refer to problem 48.

2L nh
55. As before A= — so p, = At high energies we must use relativity. so
n

oL

E = \/p2c®+ E} = Ep

1+ R/ (L Eg)
1+ h2%/ (4L2E3)

By [1+om2 (126"
E\ " | 1+ 0% (412E32

B, [r-antey2e3)]"”
Ey |1+ k2] (4L2EY)

These are quite different {rom the non-relativistic results, as one might expect. They do
reduce to the non-relativistic results in the low-energy limit.

- . - . Ap fi . .
36. At time t = 0 the velocity is uncertain by at least A, = = = SR After a time
LA el
]
m (Ax)”
= —a we have

Ar' = (Ae)t = =
g (Svo) Qe dr h

which means the uncertainty equals half the distance of travel.

h o (s Aur
B}
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57. Both the spatial distribution (r) and the wavenmunber distribution ¢(k) should have the ‘

same Gaussian form:

o ;.'2 o k?
¥(z) x exp [— — .,] o(k) x exp [—m]

For conjugate variables (z k) it is possible 1o obtain one distribution by taking a Fourier
transform of the other. Letting A be a normalization constaut for ¢(k) we have

2l

A = k .
Y(r) = \/—2_7; ./_30 dk exp [—(‘2—_\11—)?] exp (the)

The integral is done by completing the square:

. A & k2 i _ o e
P(x) = —9; dk exp TN + tkx — £ AR+ AL
i -0 & )

A oo [
= \/Q_e\p( I"’Akz)/_xdk exp[(—zﬁﬁ) (A-—?i.r.lk')'J

(k - 2izAk?)
20k

2 2 < > 2
U(z) = A/ = Akexp (-r2Ak?) / exp (—u”) du
Tl’ Jowe

Letting u = we have

The integral has a value /7 so
¥(x) = V2AAkexp (—22A%?)

Now comparing with the Gaussian forin

P(u )x(\P[ (2_\3.)2]

we see that

(Ak)* = TEWE or AkAr = é
58. AEAt > h/2
1582 % 10-16 LV .«
AE > -2% = (“"8; . 11?)_16 :\ 2 =320V
* 50 i .
d 1.2x 10718
At:z-m= 1.0 < 1075 5
AL > R e e\ 2 MOV

EAY 2(4.0 x 107 )
This “lower bound™ estimate of the rest mass is AE/e? which i= within a factor of two of the

rest cnergy. ﬂ

H
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a) In gencral nA = 2dsiné so

nA\ _ 0.5 nm

— =n———— = 0.3124n
2d 2(0.8 nm) )

sinf =

[t is required that sinf < 1 so the allowed values of n are 1.2.3. Substituting we find # = 15.2°
forn=1.6=387°forn =2 and 0 = 69.6° for n = 3.

b) For electrons
h he 1240 eV - nmi
= — = — = ———— = 250 e\j¢
P=37 % (0.5 nm) ¢ v/

K = E~ Bo=\/p2c? + B} - Ey = /(2480 keV)? + (511 keV)? — 511 ke\' = 6.0 eV

The uncertainty of the strike zone width is Axr < 0.38 m. There is a second uncertainty, in
the x-component of the ball's velocity. given by

Apy = mAv, 2 Az

Due to the uncertainty in velocity the ball's x position will be uncertain by the time it reaches
home plate in an amount

It
AT <0.38mn

where we have added the inequality because this is the condition for a strike. Since this
inequality must be satisfied simultaneously with the first one Ax < 0.38 m, we multiply the
two inequalities together to find

Avt =

o

t
m

< (0.383 m)? = 0.144 m?

o

Rearranging we find

2m (0.144 m2)  2(0.145 kg) (0.144 m®) )
h < = =0.081 15
t (18 m) /(35 m/s)

. Assume that the given angle corresponds to the first order reflection. We have:

A = 2dsinf = 2(0.156 nn) sin 26° = 0.1368 nm .

Next we find the energy:

h ke 1240 eV - nm 4
P —m = — = ———— = () 107 eV /e
P=X" % (0.1368nm} ¢ )x e

K

E—Ey=/p??+E} - Fy = \/(9_06 keV)? « (939.57 MeV)? — 039,57 MV
= 436 x 107%eV

The Oak Ridge Electron Linear Accelerator Pulsed Neutron Source iORELAG produces ju-
tense, nanosecond bursts of neutrous, each burst confaining neatrons with encergies irom
1073 to 108 eV.
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63.

* 64.

a) Using the given information, the wave packet will equal: ¢ = 3 ¢, = %cos(lSn:r) +
1 cos(20mz) + 3 cos(22mz) + cos(24rz) + 1 cos(26mz) + tcos(28mr) + § cos(30xT). A graph
of the first two terms and a graph of the entire packet are shown below. 9 has a frequency
of 9 and an amplitude of 0.25. g has a frequency of 10 and an amplitnde of 0.33. Other
terms would have a frequency of 11 and amplitude of 0.5, etc. The peak value of the packet
is approximately 3.16.
= icos(ISn:c)

04 T _ ) I S
0.2
0 - - T
-02
04 _(‘, ; 10 ;}s |

I
Py = §cus(207r::)

0S—— — T 1 T

08 -y P Y .
=3 o
4 T R T
2r 4
0 AalAn.aAlnA AalAn AlAA .

UVVVVVVVVV VVVVVVVVVU
: | U‘

! 1 1
=1 “05 [ 0.5 1

4

b) The packet is centered about r = 0 but extends to +0o. The packet. repeats every unit

along the x axis.

! h I h
a) Starting from Equation (5.45), AEAt > —25 and substituting we have (;) T 3

. There-
fore Tt > h .

b) We can find the minimum value for T from the equation above. Using the data for the
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neutron, for example.

r 6.082 % 10716y ¢

nentron T T ————— 7.2 x l()_me\f'.

887 s

The other values follow m a similar fashijon,

Wave Properties of Matter and Qn

upsilon = 5.8 ke’

antum Mechanies |





