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Aga:lemy LESSON 2

| — MATTER WAVES

®  FOCUS QUESTION
How can particles be described as waves?

n de Broglie Waves

If an electromagnetic wave can behave like a collection = Interference pattern
of particles, could a particle exhibit interference and Electran beam | (wave behavior)
diffraction as a wave does? In 1923, French physicist \particies) L'

Louis de Broglie proposed that a material particle could be _ .

described by a wavelength. This proposal was a brave ¥ 1 ' ' '
extension of Einstein’s photon theory, and Einstein was an N

early supporter of de Broglie’s waves.

@ Every moving particle has a wave associated with it. -
. . : Key Points
@ This wave is called the de Broglie wavelength.
® Material particles can show wave-like properties @ Louis.de Broglie (1923) proposed matter waves.

such as interference and diffraction.

In 1927, independent experiments confirmed
electron diffraction, which provided evidence
of electrons’ wave-like properties. to observe.

Electron diffraction was confirmed in 1927.

&
® All moving particles have a wavelength.
&

Everyday objects have wavelengths too small

n De Broglie Wavelength
The de Broglie wavelength of a moving particle is equal to Planck’s constant

divided by the particle’s momentum. - A wavelength (m)

Planck's constant
h h 6.63x1073*] .5

h
p = mv - A = — = — - m | mass of particle (kg)
P muvo v speed of particle (m/s)

momentum (kg - m/s)
p = mv

B Example: Baseball

Objects you use every day do not exhibit wavelike properties ; .
because their wavelengths are too small to observe. For example, _ A\ The wavelength is

the wavelength of a 0.145-kg baseball moving at 38 m/s is: FXieiney iy 00
wave behavior is

h 6.63 x107°*J-5s - b N ¥ observedfor everyday
= — = =] E ._ b h as a baseball.
A sy (0.145 kg) (38 m/s) 1.2 %10 m objects such as a base

0 Think & Predict | | Quick Check

If the momentum of a particle increases, o State the de Broglie wavelength formula for a

: i 9 particle in terms of its momentum and in terms
what happens to its de Broglie wavelength (A )? SF 5 Tass an oee

Increases

Why are the wavelengths of everyday objects

Decreases
too small to observe?

Stays the same

Badr Academy | Grade12Advanced | Term1
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Eadzl QUANTUM THEORY T
EXAMPLE 3 De Broglie Wavelength

An electron is accelerated by a potential difference of 75 V. What is its
de Broglie wavelength?

ANALYZE AND SKETCH THE PROBLEM
Include the positive and the negative plates in your drawing.

Known Unknown

AV =75V —9

e =—-1602x10712C

m, =911x10 * kg
= —34 1,

h=663x103]-5 75 v

SOLVE FOR THE UNKNOWN
Write relationships for the kinetic energy of the electron based on potential difference and motion,
and use them to calculate the electron’s velocity.

KE = —eAV, and KE = % mv?

1 mv¢ = —eAV Equate the expressions for KE.

Solve for v.

[—2eAV
V=
m

_ [-2(-1.602 x 10712 C)(75 V) Substitute e = —1.602 x 1077 C, AV =75V,
= 9.11 x 10" kg m, =9.11 x 103 kg.

= 5.1 x 10°m/s
Use the relationship between mass, velocity, and momentum.
p = mvy
= (9.11 x 10731 kg)(5.1 x 10° m/s) Substitute m, =9.11 x 1073 kg, v = 5.1 x 10°m/s.
= 4.6 x 10"** kg-m/s

Use the relationship between momentum and the de Broglie wavelength.

fi= %
663 x107%]-s Substitute h = 6.63 x 107*4]-s, p = 4.6 x 10~ %*kg-m/s.

 46x 102 kg-m/s
= 1.4 x 107'%m, which equals 0.14 nm

a EVALUATE THE ANSWER

e Are the units correct? Dimensional analysis on the units verifies m/s for v and nm for A.
® Does the sign make sense? Positive values are expected for both v and A.

® Are the magnitudes realistic? The wavelength is close to 0.1 nm, which is in the X-ray region of the
! electromagnetic spectrum. )

PRACTICE PROBLEMS

What is the de Broglie wavelength and speed of an electron accelerated by a potential difference of 250 V?

A 7.0-kg bowling ball rolls with a velocity of 8.5 m/s.

a. What is the de Broglie wavelength of the bowling ball?
b. Why does the bowling ball exhibit no observable wave behavior?

What potential difference is needed to accelerate an electron so it has a 0.125-nm wavelength?

CHALLENGE The electron in Example Problem 3 has a de Broglie wavelength of 0.14 nm. What is the kinetic
energy, in eV, of a proton with the same wavelength?

Badr Academy | Grade 12 Advanced | Term1
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PRACTICE Problems

m What is the de Broglie wavelength and speed of an electron
accelerated by a potential difference of 250 V?

Given: | Solution:

| o Find the speed of the electron.

AV =250 V i o
m, = 9.11 x 1073 kg e et = e

e =1.602x10719C L= [=2eAV v=9.4 x 10° m/s

h=663x10"%] 5 i

B \/2(].602 x 10719)(250)
9.11 x 10731

Find: = 9.4 x 10° m/s

o Find the de Broglie wavelength.
h
i

miv
6.63 X 1[]—34 A =" ll}"” m

T O11x10°904x10  =0.077nm
= 7.7 %101 m

27 What potential difference is needed to accelerate an electron
so it has a 0.125-nm wavelength?

Given: Solution:

o Find the momentum using de Broglie relation.
6.63 x 1073

0.125 x 107

h =663x1073] 5 =5.30 x 1024 kg - m/s

m,=9.11 x 10~ kg o Use kinetic energy and potential difference.

e =1.602x1077C KE = P = eAV
2m,

A = 0.125 nm h
= 0.125 x 1079 m RIS

i ..

2
Find: AV = zi p AV =965V

g

AV =7 . {5.30 * IU_M)E (ﬁ 97 V)'
2(9.11 x 10731)(1.602 x 10~19)

=965x101V

=
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m A 7.0-kg bowling ball rolls with a velocity of 8.5 m/s.

a. What is the de Broglie wavelength of the bowling ball?
b. Why does the bowling ball exhibit no observable wave behavior?

Given: Solution:

m = 7.0 kg o Find the ;E Broglie wavelength.

= A= —
Vs B s my 1=11x10m

h=663x107%]-5s _ 6.63 x 107 (extremely small)
(7.0)(8.5)

Find: =1.1% 107" m
a A="7
b) Explanation

o Explain why there is no observable wave behavior.

The wavelength is extremely small (~ 107> m),
which is far too small to be observed. Therefore,
a bowling ball does not exhibit observable wave
behavior.

e

m CHALLENGE The electron in Example Problem 3 has a de Broglie wavelength
of 0.14 nm. What is the kinetic energy, in eV, of a proton with the same wavelength?

Solution:

Find the momentum.
A =0.14 nm 6.63 x 1073

=0.14x 102 m 0.14 x 10~
h =6.63x1073]-s =474 x 100 kg - m/s

- Find the kinetic energy of the proton.
m, = 1.67 107"k e

P 8 - p* _ (4.74 x 107%)?
2m,  2(1.67 x10~+")

= 6.72 x 10721 ]
o Convert to electron volts.

K=7? (11'1 EV) ¥ 6.72 x 10741
1.602 x 10~19

Given:

2=
2

1eV=1602x10"1]

% ™\

K =0.042 eV
=4,19x107%eV | (= 0.042 eV)

LS A

Find:

- R o

Success is liking yourself, liking what
you do, and liking how you do it.

- Maya Angelou

=
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De Broglie’s theory of particles’ wavelike properties led to a fundamental
change in our understanding of atomic-sized objects.

In everyday experience, it is logical to think that you can
measure any property to any desired level of precision.

L . , Types of Measuring Tools
For example, imagine measuring a ball’s |

position during free fall. You might first
try using a meterstick and a stopwatch
to make the measurements. If you
desire more precise measurements,
you might use a video camera and a
calculator or a computer. You can
imagine using more and more
sophisticated equipment to achieve
ever greater precision. In fact,
classical physics sets no limit on

a measurement’s precision.

de Broglie’s revolutionary theory of matter waves forced physicists to
redefine the limits of measurement.

m Heisenberg Uncertainty Principle

Consider measuring the location of an atomic or subatomic scale
particle by shining light on it and then collecting the reflected light
in a measuring device.

@ Because of diffraction, the reflected light you use to detect the
particle spreads out and makes it impossible to locate the particle
exactly.

@ |f more precise measurements are needed, you can use
shorter-wavelength radiation, which decreases diffraction
and decreases the uncertainty in the particle’s location.

(O +201002507441 (@) @Badr_academy25
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is changed.

of changing the particle’s momentum.

As a result of the Compton effect, however, when short wavelength,
high-energy radiation strikes a particle, the particle’s momentum

Therefore, the act of measuring the location of a particle has the effect

The more precise the determination of a particle’s location, the greater
the uncertainty is in its momentum. Similarly, if the momentum of the
particle is precisely known, the position of the particle becomes less certain.

Before Collision
A +}’

Electron
Photon &

AVAVad -

A

After Collision

Y photon A

wavelength
increases.

Electron
momentum
increases.

o,

S

This situation is summarized by the Heisenberg uncertainty
principle, which states there is a limit to how precisely a particle’s
position and momentum can simultaneously be measured.

This principle, named for German physicist Werner Heisenberg,
is the result of light and matter’s dual wavelike and particle-like

properties.

Heisenberg’s
Uncertainty Principle

66 We cannot precisely know both
the position and momentum of a particle *
it is moving at the same time."

Werner Heisenberg

MOMENTUM

POSITION

Even though the effects of the limit are only noticeable when
measuring atomic-scale particles, Heisenberg’s work led to

a fundamental change in our understanding of the world.

While the classical theories of Newton and Maxwell are successful
models of everyday objects, quantum theory and its models of the
dual nature of light and matter are required to accurately describe

objects on the atomic scale.

m Waves

Using De Broglie's theory, you can calculate the wavelength
of any moving particle. Explain why the wave nature of
everyday objects is not obvious.

Answer

The de Broglie wavelength of a moving particle is given by

h h
A —

mv
For everyday (macroscopic) objects, the mass is very large, so
the momentum p = mv is very large, which makes the de Broglie
wavelength A extremely small (typically much less than atomic
sizes). Such a tiny wavelength is not observable in everyday life,
so the wave nature of everyday objects is not obvious.

h

41

The more we know about where a particle is,
the less we know about how fast it is moving,
and vice versa.

m Wavelength

What is the de Broglie wavelength of an alpha particle
(helium nucleus) with mass 6.6 x 10727 kg and speed 120 m/s?

The de Broglie wavelength is

h
= =
mv

Substitute the values:
h=663x%x10"34]-s
m= 6.6 x 10727 kg
v = 120 m/s

Ax Ap =

_ 6.63x107
(6.6 X 10727)(120)

_ 6.63x107%
"~ 7.92% 10725

A~84x10710m
= 0.84 nm

o
i

de Broglie Wavelength

What is the de Broglie wavelength of an electron accelerated
through a potential difference of 125 V?

First, find the electron’s speed from its
kinetic energy:

Then use the de Broglie relation:

h
2 AN iy

6.63 x 10734
T (9.11 x 10731)(6.63 x 10°)

Ax~1.1x101%m
= 0.11 nm

K=eV=§mv

v=.]2e¥
I
b \/2(1.60 x 1071%)(125)
9.11 x 10-31

v = 6.63 x 10 m/s

E Critical Thinking

How does the Heisenberg uncertainty principle explain double

slit, interference pattern even if photons or atoms pass through
the slits one at a time.

The Heisenberg uncertainty principle states that you cannot
simultaneously know the precise position and momentum of a particle.

Thus, if you know the precise position of a photon or an atom as it passes
through the slit, you cannot know its precise momentum.

Because of the unknown momentum, you cannot be sure which of the
slits the beam passed through, resulting in the distribution of photons
or atoms seen in the interference pattern.

o

Nl
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Final Exam Practice — de Broglie Wavelength & Momentum

1 An alpha particle (helium nucleus) has a n;tass of 6.6 x 10747 kg and is moving
at a speed of 120 m/s. What is this alpha particle’s de Broglie wavelength?

120 m/s de p & 3k 6.6 X 10727 kg (psalagd) 31 3) Wl ansn A als
fal Zualaall g5 (53 daga Jsha Le

Substitute the values:
The de Broglie wavelength is

6.63 x 10734 =

myv — 837 % ]D-lﬂ m 0.837 nm

An nﬁject has a d; Brdglie waveier;g_tl'; ﬁf_ZE x 10'34 m when its #eiucity is_45 m/s
What is the mass of the object, in kilograms?

A5 m/s Ay OsSi Ladie 2.3 X 1073 m Lo asnd (Jg 5 (60 A ge Jsha &l
Cal s slSIL Al Al L
.
o = i e i Substitute the values:
- my’ 6.63 x 1034
. e M= 23 %1073 x 45 m = 0.064 kg
S v = 0.064 kg

B A hydrogen atom moves at speed v and has a de Broglie wavelength A. Given that a helium

atom has four times the mass of a hydrogen atom, what is the de Broglie wavelength of the
helium atom if it moves at the same speed?

(O 9ugl) 30 ABS Cilaual day )l agaligll 530 ABS CilS 13 A4 a0 Jshasg ¥ Ae yasy ung s 53 & )l
i pall iy O ja0 1) o galigl) 353 g 3 (53 A 90 Jgdo Lad
(B) A (C) 22 (D) 42a

The de Broglie wavelength is A_t the same speed, the wavelength is inversely proportional to mass
Since my, = 4my,

Two photons, the first wlth a wavelength of A and the secnnd with a wavelength of 3A.
Which of the following is a correct relationship for the momentum of the two photons?

omigigdll AS pa AeS] daiaio Ale (gl 34 diage Job AUy A 4iage Jsb Jg¥ ¢ligigh

{D) P1=3P2

. W P =9p (B) P =P, (© A=3PR

The momentum of a photon is For the second photon, 4; = 34, so

Therefore,

h s ye . 8 P =3P
pn——I pz-3£l]_3(/l])_3pl 1 2

: An electron and a proton move at the same speed (v). Which of the following is a correct
relationship for the de Broglie wavelength?

90 (6 4 ga skl dasana A1 Clddlall (5| ¢ (V) 4aslatia de jan ISyl (555 g 39 (59 SIY
[ A I @ L= © i1 (D) A

L p= e p =
The de Broglie wavelength is At the same speed, the wavelength is inversely proportional to mass.
h Since the proton’s mass is much greater than the electron’s mass

A = — (mp > Mme), Ap = AE
mv

BA (O +201002507441 (@) @Badr_academy25
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6 Ranking Task

Rank the following particles according to their de Broglie wavelengths, from greatest to least.

Specifically indicate any ties.
u an electron with a speed of 300 m/s

6.63 x 10734

A=— =
(9.11 x 10731)(300)

B an electron with a speed of 500 m/s

h -34
A b 6.63 X 10

mv 7 (911 x 10-31)(500)

7  Extra Questions

A, =2.42 x10°m A=

Ag=1.45x10"°m A=

a proton with a speed of 3 m/s

h _ 6.63%x1073
"~ (1.67 x 10~27)(3)

T mv

a a proton with a speed of 500 m/s

_ o E63RInH
mv =" (1.67 x 10-27)(500)

13. The kinetic energy of a hydrogen atom’s electron is 13.65 eV.

n Find the velocity of the electron.

K.E S i3
E.==-myv
2

2K.E

v= [——

m

- 2(13.65)(1.6 x 10~19)
= 9.11 x 10-31

v=2.19%x10°m/s

BA
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n Calculate the electron’s de Broglie wavelength.

h

mv

6.63 x 10734

A=
(9.11 x 10-31)(2.19 x 10°9)

A=0.332 nm

BADR ACADEMY

KEEP IT ONLINE _

Ac=0.132x 10°m

Ap=7.94%x10""m

Ranking (greatest to least)

A>B>C>D

Given that a hydrogen atom’s radius is 0.519 nm,
calculate the circumference of a hydrogen atom
and compare it with the de Broglie wavelength
for the atom’s electron.

C=2nr
C = 2n(0.519) = 3.26 nm

The circumference is approximately equal to
ten complete wavelengths.
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