
TUTORIAL 3
Wave properties of particles
1. Suppose we cover one slit in the two-slit experiment with a very thin sheet of fluorescent material that emits a photon of light whenever an electron passes through. We then fire electrons one at a time at the double slit; whether or not we see a flash of light tells us which slit the electron went through. What effect does this have on the interference pattern? Why? (Suggestion: Read Chap. 1, Feynman Lectures on Physics Vol. 3) (Krane, Q13, pg. 131,)
Solution
2. The speed of an electron is measured to within an uncertainty of 2.0(104 m/s. What is the size of the smallest region of space in which the electron can be confined? (Krane, P14, pg. 133)
Solution

3. A pi meson (pion) and a proton can briefly join together to form a  particle. A measurement of the energy of the p system (see Figure) shows a peak at 1236 MeV, corresponding to the rest energy of the  particle, with an experimental spread of 120 MeV. What is the lifetime of the ? (Krane, P17, pg. 133)
[image: image42.png]3-6: The proton’s kinetic energy is only about 0.1% of its rest energy, so a

nonrelativistic calculation will suffice. The wavelength is

\ = h _ h _ hc
P VZmKE /2 (mc?) KE

1.240 x 1012 .
- 240 X107 " MeV-m 506510~ m.

V/2(939.3 MeV) (1.00 MeV)

Note the conversion of units in the product hc in the above calculation.




Solution

4. A proton or a neutron can sometimes “violate” conservation of energy emitting and then reabsorbing a pi meson, which has a mass of 135 MeV/c2. This is possible as long as the pi meson is reabsorbed within a short enough time t consistent with the uncertainty principle. (a) Consider p( p + . By what amount E is energy conservation violated? (ignore any kinetic energies.) (b) For how long a time t can the pi meson exist? (c) Assuming pi meson to travel at very nearly the speed of light, how far from the proton can it go? (This procedure gives us an estimate of the range of the nuclear force, because we believe that protons and neutron are held together in the nucleus by exchanging pi mesons.) (Krane, P22, pg. 133)
Solution
5. Show that the formula for low-energy electron diffraction (LEED), when electrons are incident perpen​dicular to a crystal surface, may be written as 
[image: image1.wmf](

)

1/2

2

sin

2

e

nhc

dmcK

f

=

, where n is the order of the maximum, d is the atomic spacing, me is the electron mass, K is the electron's ki​netic energy, and  is the angle between the incident and diffracted beams, (b) Calculate the atomic spacing in a crystal that has consecutive diffraction maxima at  = 24.1( and (for 100-eV electrons. (Serway, M & M, P 14, pg. 188)
Solution
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(b)
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As we obtain the same spacing in both cases, 
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6. A woman on a ladder drops small pellets toward a spot on the floor,  (a)  Show that, according to the uncer​tainty principle, the miss distance must be at least [image: image10.wmf]1/4
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, where H is the initial height of each pellet above the floor and m is the mass of each pellet, (b) If H = 2.0 m and m = 0.50 g, what is x? (Serway & M & M, P 21, pg. 188)
Solution


(a)
The woman tries to hold a pellet within some horizontal region 
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 and directly above the spot on the floor. The uncertainty principle requires her to give a pellet some x velocity at least as large as 
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. When the pellet hits the floor at time t, the total miss distance is 
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. The minimum value of the function 
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We find 
[image: image18.wmf](

)

æö

D=

ç÷

èø

h

14

12

i

2

2

H

x

mg

.

(b)
For 
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7. An excited nucleus with a lifetime of 0.100 ns emits a  ray of energy 2.00 MeV. Can the energy width (uncertainty in energy, E) of this 2.00-MeV  emission line be directly measured if the best gamma detectors can measure energies to ±5 eV? (Serway & M & M, P 25, pg. 188)
Solution
To find the energy width of the 
[image: image22.wmf]g
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As the intrinsic energy width of 
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 is so much less than the experimental resolution of 
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, the intrinsic width can’t be measured using this method.

8. Find the de Broglie wavelength of a 1.00-MeV proton. Is a relativistic calculation needed? (Beiser, Ex. 6, pg. 117)
Solution

[image: image43.png]3-26: As in the example presented in the text in Section 3.5, a beam deflec-
tion of 50° corresponds to a scattering angle of % (180° — 50°) = 65°. The formula

obtained from Problem 3-10 gives

he

VKE (KE + 2mc?)

_ 1.240 x 107% eV-m
/50 eV (50 + 2 (511 x 10%)) x 10% eV

=5.356 x 107 '? m,

keeping extra significant figures. The spacing of the planes in the crystal is then,

using Equation (2.13),

A 5356x 1072 m

d= 2 =290 X 2 M _ 995x 10712 m = 2.95 pm.
2 sind 2 sin (65°) 2.95 % m = 2.95 pm

To the two significant figures given in the problem, the spacing is 3.0 pm.




9. Show that the de Broglie wavelength of a particle of mass m and kinetic energy KE is given by 
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(Beiser, Ex. 10, pg. 117)
Solution
[image: image28.png]3-10: Of the many ways to find the momentum in terms of a particle’s kinetic
energy and mass, consider
(pc)? = E? — (mcz)2 = (KE + mcz)2 — (mc?)
= (KE + mc®> — mc?) (KE +mc® + mc®) = KE (KE + 2mc?) .
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10. What effect on the scattering angle in the Davisson-Germer experiment does increasing the electron energy have? (Beiser, Ex. 23, pg. 117)
Solution
Increasing the electron energy increases the electron’s momentum, and hence decrease the electron’s de Broglie wavelength. A smaller dB wavelength results in a smaller scattering angle.

11. A beam of 50-keV electrons is directed at a crystal and diffracted electrons are found at an angle of 50° relative to the original beam. What is the spacing of the atomic planes of the crystal? A relativistic calculation is needed for . (Beiser, Ex. 26, pg. 117)
Solution
[image: image44.png]Reaction probability
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12. The lowest energy possible for a certain particle trapped in a certain box is 1.00 eV. (a) What are the next two higher ener​gies the particle can have? (b) If the particle is an electron, how wide is the box? (Beiser, Ex. 29, pg. 118) 
Solution

(a) The energies of the stationary states are given by 
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(1.00 eV). The first and second excited state corresponds to n = 2 and n = 3. 



[image: image31.wmf]2

21

24

EE

==

eV; 
[image: image32.wmf]2

31

39

EE

==

eV;



(b) Solving for L, the width of the box is
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13. Discuss the prohibition of E = 0 for a particle trapped in a box L wide in terms of the uncertainty principle. How does the minimum momentum of such a particle compare with the momentum uncertainty required by the uncertainty principle if we take x = L? (Beiser, Ex. 30, pg. 118)

Solution

For a “trapped” particle, the uncertainty in position cannot be larger than the size of the box, and so the uncertainty in the particle’s momentum must be finite, and the particle cannot have zero kinetic energy. If x = L, the uncertainty principle as given in 
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. The magnitude of the momentum of the particle in the lowest energy state for a particle in a box of width L is, from 
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. Thus, p1 is greater than the minimum value of p.

14. How much time is needed to measure the kinetic energy of an electron whose speed is 10.0 m/s with an uncertainty of no more than 0.100 percent? How far will the electron have travelled in this period of time? (b) Make the same calculations for a 1.00-g insect whose speed is the same. What do these sets of figures indicate? (Beiser, Ex. 34, pg. 118)
Solution

[image: image45.png]3-34: (a) The uncertainty in the electron’s energy is AE =1.00 x 107 E =

1073 (mv?/2), and so the minimum time needed to measure the energy is
S h (6.626 x 10734 J-s)

dr AE 47 (10-3) (9.1095 x 10-3! kg) (10 m/s)” /2
or 1.2 ms to two significant figures. In this time, the electron would move a distance
vAt =1.2 cm.

At

=1.16 x 1073 s,




(b) E= 10-3E= 10-3(mv2/2); t > h/4E = 103h/(2mv2) = 9.5 x 10-29 s. Distance moved is 

vt = 9.5 x 10-28 m. 
15. How accurately can the position of a proton with v << c. be determined without giving it more than 1.00 keV of kinetic energy? (Beiser, Ex. 35, pg. 118)
Solution

[image: image38.png]3-35: The proton will need to move a minimum distance

> —
vAtz v 4w AE’
where v can be taken to be
2KE 2AFE
V= —— =4/ ——, so that
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_ 1.240 x 107%eV-m
 2m4/2(938.28 x 105 MeV) (1.00 x 103 eV)
= 1.44 x 10713 m = 0.144 pm.
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The result for the product v At may be recognized as v At > 2—};; this is not
i

. h
inconsistent with Equation (3.21), Az Ap > P In the current problem, AF was
taken to be the (maximum) kinetic energy of the proton. In such a situation,

A 2
AE=—(”—):2-’1Ap=2vAp,
m m

which is consistent with the previous result.




16. (a) Find the magnitude of the momentum of a particle in a box in its nth state. (b) The minimum change in the particles momentum that a measurement can cause corresponds to a change of ±1 in the quantum number n. If x = L. show that p x
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Solution
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This, of course, is o with A, as given in Equation (3.17); indeed, this relation
was used to derive Eguation (3.18).
(b) If n changes by +1 in the above expression for p, in terms of L,
h
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where Ax = L has been used.
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