HAPTER 21

%he Quantum Nature of Light

Figure 21.1 In Lewis Carroll’s classic text Alice’s Adventures in Wonderland, Alice follows a rabbit down a hole into a
land of curiosity. While many of her interactions in Wonderland are of surprising consequence, they follow a certain
inherent logic. (credit: modification of work by John Tenniel, Wikimedia Commons)
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INTRODUCTION At first glance, the quantum nature of light can be a strange and bewildering concept. Between light acting as
discrete chunks, massless particles providing momenta, and fundamental particles behaving like waves, it may often seem like
something out of Alice in Wonderland.

For many, the study of this branch of physics can be as enthralling as Lewis Carroll's classic novel. Recalling the works of
legendary characters and brilliant scientists such as Einstein, Planck, and Compton, the study of light’s quantum nature will
provide you an interesting tale of how a clever interpretation of some small details led to the most important discoveries of the
past 150 years. From the electronics revolution of the twentieth century to our future progress in solar energy and space
exploration, the quantum nature of light should yield a rabbit hole of curious consequence, within which lie some of the most
fascinating truths of our time.



21.1 Planck and Quantum Nature of Light

Section Learning Objectives

By the end of this section, you will be able to do the following:

e Describe blackbody radiation

e Define quantum states and their relationship to modern physics

e Calculate the quantum energy of lights

e Explain how photon energies vary across divisions of the electromagnetic spectrum

Section Key Terms

blackbody quantized quantum ultraviolet catastrophe

Blackbodies

Our first story of curious significance begins with a T-shirt. You are likely aware that wearing a tight black T-shirt outside on a
hot day provides a significantly less comfortable experience than wearing a white shirt. Black shirts, as well as all other black
objects, will absorb and re-emit a significantly greater amount of radiation from the sun. This shirt is a good approximation of
what is called a blackbody.

A perfect blackbody is one that absorbs and re-emits all radiated energy that is incident upon it. Imagine wearing a tight shirt
that did this! This phenomenon is often modeled with quite a different scenario. Imagine carving a small hole in an oven that
can be heated to very high temperatures. As the temperature of this container gets hotter and hotter, the radiation out of this
dark hole would increase as well, re-emitting all energy provided it by the increased temperature. The hole may even begin to
glow in different colors as the temperature is increased. Like a burner on your stove, the hole would glow red, then orange, then
blue, as the temperature is increased. In time, the hole would continue to glow but the light would be invisible to our eyes. This
container is a good model of a perfect blackbody.

It is the analysis of blackbodies that led to one of the most consequential discoveries of the twentieth century. Take a moment to
carefully examine Figure 21.2. What relationships exist? What trends can you see? The more time you spend interpreting this
figure, the closer you will be to understanding quantum physics!

Figure 21.2 Graphs of blackbody radiation (from an ideal radiator) at three different radiator temperatures. The intensity or rate of radiation
emission increases dramatically with temperature, and the peak of the spectrum shifts toward the visible and ultraviolet parts of the

spectrum. The shape of the spectrum cannot be described with classical physics.

TIPS FOR SUCCESS
When encountering a new graph, it is best to try to interpret the graph before you read about it. Doing this will make the
following text more meaningful and will help to remind yourself of some of the key concepts within the section.



Understanding Blackbody Graphs

Figure 21.2 is a plot of radiation intensity against radiated wavelength. In other words, it shows how the intensity of radiated
light changes when a blackbody is heated to a particular temperature.

It may help to just follow the bottom-most red line labeled 3,000 K, red hot. The graph shows that when a blackbody acquires a
temperature of 3,000 K, it radiates energy across the electromagnetic spectrum. However, the energy is most intensely emitted
at a wavelength of approximately 1000 nm. This is in the infrared portion of the electromagnetic spectrum. While a body at this
temperature would appear red-hotto our eyes, it would truly appear ‘infrared-hot if we were able to see the entire spectrum.

A few other important notes regarding Figure 21.2:

. Astemperature increases, the total amount of energy radiated increases. This is shown by examining the area underneath
each line.

« Regardless of temperature, all red lines on the graph undergo a consistent pattern. While electromagnetic radiation is
emitted throughout the spectrum, the intensity of this radiation peaks at one particular wavelength.

« Asthe temperature changes, the wavelength of greatest radiation intensity changes. At 4,000 K, the radiation is most
intense in the yellow-green portion of the spectrum. At 6,000 K, the blackbody would radiate white hot, due to intense
radiation throughout the visible portion of the electromagnetic spectrum. Remember that white light is the emission of all
visible colors simultaneously.

« Asthe temperature increases, the frequency of light providing the greatest intensity increases as well. Recall the equation
v = fA. Because the speed of light is constant, frequency and wavelength are inversely related. This is verified by the
leftward movement of the three red lines as temperature is increased.

While in science it is important to categorize observations, theorizing as to why the observations exist is crucial to scientific
advancement. Why doesn't a blackbody emit radiation evenly across all wavelengths? Why does the temperature of the body
change the peak wavelength that is radiated? Why does an increase in temperature cause the peak wavelength emitted to
decrease? It is questions like these that drove significant research at the turn of the twentieth century. And within the context of
these questions, Max Planck discovered something of tremendous importance.

Planck’s Revolution

The prevailing theory at the time of Max Planck’s discovery was that intensity and frequency were related by the equation

I = Zik—zT This equation, derived from classical physics and using wave phenomena, infers that as wavelength increases, the

intensity of energy provided will decrease with an inverse-squared relationship. This relationship is graphed in Figure 21.3 and
shows a troubling trend. For starters, it should be apparent that the graph from this equation does not match the blackbody
graphs found experimentally. Additionally, it shows that for an object of any temperature, there should be an infinite amount of
energy quickly emitted in the shortest wavelengths. When theory and experimental results clash, it is important to re-evaluate
both models. The disconnect between theory and reality was termed the ultraviolet catastrophe.



Figure 21.3 The graph above shows the true spectral measurements by a blackbody against those predicted by the classical theory at the

time. The discord between the predicted classical theory line and the actual results is known as the ultraviolet catastrophe.

Due to concerns over the ultraviolet catastrophe, Max Planck began to question whether another factor impacted the
relationship between intensity and wavelength. This factor, he posited, should affect the probability that short wavelength light
would be emitted. Should this factor reduce the probability of short wavelength light, it would cause the radiance curve to not
progress infinitely as in the classical theory, but would instead cause the curve to precipitate back downward as is shown in the
5,000 K, 4,000 K, and 3,000 K temperature lines of the graph in Figure 21.3. Planck noted that this factor, whatever it may be,
must also be dependent on temperature, as the intensity decreases at lower and lower wavelengths as the temperature
increases.

The determination of this probability factor was a groundbreaking discovery in physics, yielding insight not just into light but
also into energy and matter itself. It would be the basis for Planck’s 1918 Nobel Prize in Physics and would result in the transition
of physics from classical to modern understanding. In an attempt to determine the cause of the probability factor, Max Planck
constructed a new theory. This theory, which created the branch of physics called quantum mechanics, speculated that the
energy radiated by the blackbody could exist only in specific numerical, or quantum, states. This theory is described by the
equation E = nhf, where nis any nonnegative integer (0, 1, 2, 3, ...) and h is Planck’s constant, given by

h=6.626 x 107*] - 5, and fis frequency.

Through this equation, Planck’s probability factor can be more clearly understood. Each frequency of light provides a specific
quantized amount of energy. Low frequency light, associated with longer wavelengths would provide a smaller amount of
energy, while high frequency light, associated with shorter wavelengths, would provide a larger amount of energy. For specified
temperatures with specific total energies, it makes sense that more low frequency light would be radiated than high frequency
light. To a degree, the relationship is like pouring coins through a funnel. More of the smaller pennies would be able to pass
through the funnel than the larger quarters. In other words, because the value of the coin is somewhat related to the size of the
coin, the probability of a quarter passing through the funnel is reduced!

Furthermore, an increase in temperature would signify the presence of higher energy. As a result, the greater amount of total
blackbody energy would allow for more of the high frequency, short wavelength, energies to be radiated. This permits the peak
of the blackbody curve to drift leftward as the temperature increases, as it does from the 3,000 K to 4,000 K to 5,000 K values.
Furthering our coin analogy, consider a wider funnel. This funnel would permit more quarters to pass through and allow for a
reduction in concern about the probability factor.

In summary, it is the interplay between the predicted classical model and the quantum probability that creates the curve
depicted in Figure 21.3. Just as quarters have a higher currency denomination than pennies, higher frequencies come with larger



amounts of energy. However, just as the probability of a quarter passing through a fixed diameter funnel is reduced, so is the
probability of a high frequency light existing in a fixed temperature object. As is often the case in physics, it is the balancing of
multiple incredible ideas that finally allows for better understanding.

Quantization

It may be helpful at this point to further consider the idea of quantum states. Atoms, molecules, and fundamental electron and
proton charges are all examples of physical entities that are quantized—that is, they appear only in certain discrete values and
do not have every conceivable value. On the macroscopic scale, this is not a revolutionary concept. A standing wave on a string
allows only particular harmonics described by integers. Going up and down a hill using discrete stair steps causes your potential
energy to take on discrete values as you move from step to step. Furthermore, we cannot have a fraction of an atom, or part of an
electron’s charge, or 14.33 cents. Rather, everything is built of integral multiples of these substructures.

That said, to discover quantum states within a phenomenon that science had always considered continuous would certainly be
surprising. When Max Planck was able to use quantization to correctly describe the experimentally known shape of the
blackbody spectrum, it was the first indication that energy was quantized on a small scale as well. This discovery earned Planck
the Nobel Prize in Physics in 1918 and was such a revolutionary departure from classical physics that Planck himself was
reluctant to accept his own idea. The general acceptance of Planck’s energy quantization was greatly enhanced by Einstein's
explanation of the photoelectric effect (discussed in the next section), which took energy quantization a step further.

Figure 21.4 The German physicist Max Planck had a major influence on the early development of quantum mechanics, being the first to
recognize that energy is sometimes quantized. Planck also made important contributions to special relativity and classical physics. (credit:

Library of Congress, Prints and Photographs Division, Wikimedia Commons)

@ WORKED EXAMPLE

How Many Photons per Second Does a Typical Light Bulb Produce?

Assuming that 10 percent of a 100-W light bulb's energy output is in the visible range (typical for incandescent bulbs) with an

average wavelength of 580 nm, calculate the number of visible photons emitted per second.

Strategy

The number of visible photons per second is directly related to the amount of energy emitted each second, also known as the
bulb’s power. By determining the bulb’'s power, the energy emitted each second can be found. Since the power is given in watts,
which is joules per second, the energy will be in joules. By comparing this to the amount of energy associated with each photon,
the number of photons emitted each second can be determined.

Solution
The power in visible light production is 10.0 percent of 100 W, or 10.0 J/s. The energy of the average visible photon is found by
substituting the given average wavelength into the formula

nhe
T
By rearranging the above formula to determine energy per photon, this produces
_(6.63 x 107*] - 5)(3.00 x 10°m/s)
580 x 107°m

The number of visible photons per second is thus

E=nhf =

Eln =3.43 x 10~ J/photon. 211




photons 10.0J/s
sec 3.43 x 107" J/photon

=2.92 x 10" photons/s.

Discussion

This incredible number of photons per second is verification that individual photons are insignificant in ordinary human
experience. However, it is also a verification of our everyday experience—on the macroscopic scale, photons are so small that
quantization becomes essentially continuous.

@ WORKED EXAMPLE

How does Photon Energy Change with Various Portions of the EM Spectrum?

Refer to the Graphs of Blackbody Radiation shown in the first figure in this section. Compare the energy necessary to radiate
one photon of infrared light and one photon of visible light.

Strategy

To determine the energy radiated, it is necessary to use the equation E = nhf. It is also necessary to find a representative
frequency for infrared light and visible light.

Solution
According to the first figure in this section, one representative wavelength for infrared light is 2000 nm (2.000 x 10 m). The
associated frequency of an infrared light is

3.00 x 10%m/
f=S=2 22 2 M 50 x 10 Hz. 212

A 2000 x 10°%m

Using the equation E = nhf, the energy associated with one photon of representative infrared light is

E J
—=h-f=(663 x 107J-5) (1.50 x 10"*Hz) =9.95 x 107 ———. 213
n photon
The same process above can be used to determine the energy associated with one photon of representative visible light.
According to the first figure in this section, one representative wavelength for visible light is 500 nm.
3.00 x 10°ny/
f=S=222 2 - 600 x 10“Hz. 214
A 500 x 107'm
E _34 14 -19 J
—=h-f=(663 x 107*J-5) (6.00 x 10"Hz) =3.98 x 107" ———. 215
n photon

Discussion

This example verifies that as the wavelength of light decreases, the quantum energy increases. This explains why a fire burning
with a blue flame is considered more dangerous than a fire with a red flame. Each photon of short-wavelength blue light emitted
carries a greater amount of energy than a long-wavelength red light. This example also helps explain the differences in the 3,000
K, 4,000 K, and 6,000 K lines shown in the first figure in this section. As the temperature is increased, more energy is available
for a greater number of short-wavelength photons to be emitted.

Practice Problems

1. An AM radio station broadcasts at a frequency of 1,530 kHz . What is the energy in Joules of a photon emitted from this
station?
a. 10.1x107%¢]
b. 1.01x1072%8]
c. 1.01x107%7]
d. 1.01x107%]

2. A photon travels with energy of 1.0 V. What type of EM radiation is this photon?
a. visible radiation



b. microwave radiation
c. infrared radiation
d. ultraviolet radiation

Check Your Understanding

3. Do reflective or absorptive surfaces more closely model a perfect blackbody?

a. reflective surfaces
b. absorptive surfaces

. Ablack T-shirt is a good model of a blackbody. However, it is not perfect. What prevents a black T-shirt from being
considered a perfect blackbody?

a. The T-shirt reflects some light.

b. The T-shirt absorbs all incident light.

c. The T-shirt re-emits all the incident light.

d. The T-shirt does not reflect light.

. What is the mathematical relationship linking the energy of a photon to its frequency?

a. E=%
— nh

b. E—fj.c
n,

C. E=T

d. E=nhf

. Why do we not notice quantization of photons in everyday experience?
a. because the size of each photon is very large

b. because the mass of each photon is so small

c. because the energy provided by photons is very large

d. because the energy provided by photons is very small

. Two flames are observed on a stove. One is red while the other is blue. Which flame is hotter?
a. The red flame is hotter because red light has lower frequency.

b. The red flame is hotter because red light has higher frequency.

c. The blue flame is hotter because blue light has lower frequency.

d. The blue flame is hotter because blue light has higher frequency.

. Your pupils dilate when visible light intensity is reduced. Does wearing sunglasses that lack UV blockers increase or decrease
the UV hazard to your eyes? Explain.

a. Increase, because more high-energy UV photons can enter the eye.

b. Increase, because less high-energy UV photons can enter the eye.

c. Decrease, because more high-energy UV photons can enter the eye.

d. Decrease, because less high-energy UV photons can enter the eye.

. The temperature of a blackbody radiator is increased. What will happen to the most intense wavelength of light emitted as
this increase occurs?

a. The wavelength of the most intense radiation will vary randomly.

b. The wavelength of the most intense radiation will increase.

c. 'The wavelength of the most intense radiation will remain unchanged.

d. The wavelength of the most intense radiation will decrease.



21.2 Einstein and the Photoelectric Effect

Section Learning Objectives

By the end of this section, you will be able to do the following:

e Describe Einstein’s explanation of the photoelectric effect

e Describe how the photoelectric effect could not be explained by classical physics

e Calculate the energy of a photoelectron under given conditions

e Describe use of the photoelectric effect in biological applications, photoelectric devices and movie soundtracks

Section Key Terms

electric eye photoelectric effect photoelectron photon

The Photoelectric Effect

Teacher Support
[EL]Ask the students what they think the term photoelectric means. How does the term relate to its definition?

When light strikes certain materials, it can eject electrons from them. This is called the photoelectric effect, meaning that light
(photo) produces electricity. One common use of the photoelectric effect is in light meters, such as those that adjust the
automatic iris in various types of cameras. Another use is in solar cells, as you probably have in your calculator or have seen on a
rooftop or a roadside sign. These make use of the photoelectric effect to convert light into electricity for running different
devices.

Figure 21.5 The photoelectric effect can be observed by allowing light to fall on the metal plate in this evacuated tube. Electrons ejected by
the light are collected on the collector wire and measured as a current. A retarding voltage between the collector wire and plate can then be

adjusted so as to determine the energy of the ejected electrons. (credit: P. P. Urone)

Revolutionary Properties of the Photoelectric Effect

When Max Planck theorized that energy was quantized in a blackbody radiator, it is unlikely that he would have recognized just
how revolutionary his idea was. Using tools similar to the light meter in Figure 21.5, it would take a scientist of Albert Einstein’s
stature to fully discover the implications of Max Planck’s radical concept.

Through careful observations of the photoelectric effect, Albert Einstein realized that there were several characteristics that
could be explained only if EM radiation is itself quantized. While these characteristics will be explained a bit later in this
section, you can already begin to appreciate why Einstein's idea is very important. It means that the apparently continuous
stream of energy in an EM wave is actually not a continuous stream at all. In fact, the EM wave itself is actually composed of tiny
quantum packets of energy called photons.

In equation form, Einstein found the energy of a photon or photoelectron to be
E = hf,
where E is the energy of a photon of frequency fand his Planck’s constant. A beam from a flashlight, which to this point had

been considered a wave, instead could now be viewed as a series of photons, each providing a specific amount of energy see
Figure 21.6. Furthermore, the amount of energy within each individual photon is based upon its individual frequency, as



dictated by E = hf. As a result, the total amount of energy provided by the beam could now be viewed as the sum of all
frequency-dependent photon energies added together.

Figure 21.6 An EM wave of frequency fis composed of photons, or individual quanta of EM radiation. The energy of each photon is E = hf,
where his Planck’s constant and fis the frequency of the EM radiation. Higher intensity means more photons per unit area per second. The

flashlight emits large numbers of photons of many different frequencies, hence others have energy E' = hf’, and so on.

Just as with Planck’s blackbody radiation, Einstein’s concept of the photon could take hold in the scientific community only if it
could succeed where classical physics failed. The photoelectric effect would be a key to demonstrating Einstein’s brilliance.

Consider the following five properties of the photoelectric effect. All of these properties are consistent with the idea that
individual photons of EM radiation are absorbed by individual electrons in a material, with the electron gaining the photon’s
energy. Some of these properties are inconsistent with the idea that EM radiation is a simple wave. For simplicity, let us
consider what happens with monochromatic EM radiation in which all photons have the same energy hf.
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Figure 21.7 Incident radiation strikes a clean metal surface, ejecting multiple electrons from it. The manner in which the frequency and

intensity of the incoming radiation affect the ejected electrons strongly suggests that electromagnetic radiation is quantized. This event,

called the photoelectric effect, is strong evidence for the existence of photons.

1. If we vary the frequency of the EM radiation falling on a clean metal surface, we find the following: For a given material,
there is a threshold frequency £; for the EM radiation below which no electrons are ejected, regardless of intensity. Using
the photon model, the explanation for this is clear. Individual photons interact with individual electrons. Thus if the energy
of an individual photon is too low to break an electron away, no electrons will be ejected. However, if EM radiation were a
simple wave, sufficient energy could be obtained simply by increasing the intensity.

2. Once EM radiation falls on a material, electrons are ejected without delay. As soon as an individual photon of sufficiently
high frequency is absorbed by an individual electron, the electron is ejected. If the EM radiation were a simple wave,
several minutes would be required for sufficient energy to be deposited at the metal surface in order to eject an electron.

3. The number of electrons ejected per unit time is proportional to the intensity of the EM radiation and to no other
characteristic. High-intensity EM radiation consists of large numbers of photons per unit area, with all photons having the
same characteristic energy, hf. The increased number of photons per unit area results in an increased number of electrons
per unit area ejected.

4. If wevary the intensity of the EM radiation and measure the energy of ejected electrons, we find the following: The
maximum kinetic energy of ejected electrons is independent of the intensity of the EM radiation. Instead, as noted in point
3 above, increased intensity results in more electrons of the same energy being ejected. If EM radiation were a simple wave,
a higher intensity could transfer more energy, and higher-energy electrons would be ejected.

5. The kinetic energy KE of an ejected electron equals the photon energy minus the binding energy BE of the electron in the



specific material. An individual photon can give all of its energy to an electron. The photon’s energy is partly used to break
the electron away from the material. The remainder goes into the ejected electron’s kinetic energy. In equation form, this is
given by

KE, = hf — BE, 21.6

where KE, is the maximum kinetic energy of the ejected electron, Af is the photon’s energy, and BE is the binding energy of the
electron to the particular material. This equation explains the properties of the photoelectric effect quantitatively and
demonstrates that BE is the minimum amount of energy necessary to eject an electron. If the energy supplied is less than BE,
the electron cannot be ejected. The binding energy can also be written as BE = hfjy, where fj is the threshold frequency for the
particular material. Figure 21.8 shows a graph of maximum KE, versus the frequency of incident EM radiation falling on a
particular material.

Figure 21.8 A graph of the kinetic energy of an ejected electron, KE,, versus the frequency of EM radiation impinging on a certain material.
There is a threshold frequency below which no electrons are ejected, because the individual photon interacting with an individual electron
has insufficient energy to break it away. Above the threshold energy, KE increases linearly with f, consistent with KE, = hf - BE. The slope

of this line is h, so the data can be used to determine Planck’s constant experimentally.

TIPS FOR SUCCESS

The following five pieces of information can be difficult to follow without some organization. It may be useful to create a
table of expected results of each of the five properties, with one column showing the classical wave model result and one
column showing the modern photon model result.

The table may look something like Table 21.1

Classical Wave Model Modern Photon Model

Threshold Frequency

Electron Ejection Delay

Intensity of EM Radiation

Speed of Ejected Electrons

Relationship between Kinetic Energy and Binding Energy

Table 21.1 Table of Expected Results

Virtual Physics
Photoelectric Effect

Click to view content (http://www.openstax.org/l/28photoelectric)



http://www.openstax.org/l/28photoelectric

In this demonstration, see how light knocks electrons off a metal target, and recreate the experiment that spawned the field
of quantum mechanics.

GRASP CHECK
In the circuit provided, what are the three ways to increase the current?
a. decrease the intensity, decrease the frequency, alter the target
b. decrease the intensity, decrease the frequency, don't alter the target
c. increase the intensity, increase the frequency, alter the target
d. increase the intensity, increase the frequency, alter the target

@ WORKED EXAMPLE

Photon Energy and the Photoelectric Effect: A Violet Light

(a) What is the energy in joules and electron volts of a photon of 420-nm violet light? (b) What is the maximum kinetic energy of

electrons ejected from calcium by 420 nm violet light, given that the binding energy of electrons for calcium metal is 2.71 eV?
Strategy

To solve part (2), note that the energy of a photon is given by E = hf . For part (b), once the energy of the photon is calculated, it
is a straightforward application of KE, = hf — BE to find the ejected electron’s maximum kinetic energy, since BE is given.

Solution for (a)
Photon energy is given by

E =hf.
Since we are given the wavelength rather than the frequency, we solve the familiar relationship ¢ = fA for the frequency,
yielding
c
f = Z 21.7
Combining these two equations gives the useful relationship
he
E=—. 21.8
A
Now substituting known values yields
(6.63 x 107*J-5)(3.00 x 10%m/s) 10
E= 7 =474 x 1077°1. 21.9
420 X 107" m
Converting to eV, the energy of the photon is
lev
E=(474 x 107°] - s)————— =296 eV. 2110
1.60 x 107°J

Solution for (b)
Finding the kinetic energy of the ejected electron is now a simple application of the equation KE, = hf — BE . Substituting
the photon energy and binding energy yields

KE, =hf —BE=296¢eV —2.71 eV =0.25¢eV. 21.11

Discussion

The energy of this 420 nm photon of violet light is a tiny fraction of a joule, and so it is no wonder that a single photon would be
difficult for us to sense directly—humans are more attuned to energies on the order of joules. But looking at the energy in
electron volts, we can see that this photon has enough energy to affect atoms and molecules. A DNA molecule can be broken with
about 1 eV of energy, for example, and typical atomic and molecular energies are on the order of €V, so that the photon in this
example could have biological effects, such as sunburn. The ejected electron has rather low energy, and it would not travel far,



except in a vacuum. The electron would be stopped by a retarding potential of only 0.26 €V, a slightly larger KE than calculated
above. In fact, if the photon wavelength were longer and its energy less than 2.71 €V, then the formula would give a negative
kinetic energy, an impossibility. This simply means that the 420 nm photons with their 2.96 eV energy are not much above the
frequency threshold. You can see for yourself that the threshold wavelength is 458 nm (blue light). This means that if calcium
metal were used in a light meter, the meter would be insensitive to wavelengths longer than those of blue light. Such a light
meter would be completely insensitive to red light, for example.

Practice Problems

10. What is the longest-wavelength EM radiation that can eject a photoelectron from silver, given that the bonding energy is
4.73 eV ? Is this radiation in the visible range?
a. 2.63x10 7 m;No, the radiation is in microwave region.
b. 2.63x1077 m; No, the radiation is in visible region.
c. 2.63 x1077 m; No, the radiation is in infrared region.
d. 2.63 x107m; No, the radiation is in ultraviolet region.

11. What is the maximum kinetic energy in eV of electrons ejected from sodium metal by 450-nm EM radiation, given that the
binding energy is 2.28 eV?

a. 0.48V
b. 0.82¢eV
c. 1.21eV
d. 0.48¢eV

Technological Applications of the Photoelectric Effect

While Einstein’s understanding of the photoelectric effect was a transformative discovery in the early 1900s, its presence is
ubiquitous today. If you have watched streetlights turn on automatically in response to the setting sun, stopped elevator doors
from closing simply by putting your hands between them, or turned on a water faucet by sliding your hands near it, you are
familiar with the electric eye, a name given to a group of devices that use the photoelectric effect for detection.

All these devices rely on photoconductive cells. These cells are activated when light is absorbed by a semi-conductive material,
knocking off a free electron. When this happens, an electron void is left behind, which attracts a nearby electron. The movement
of this electron, and the resultant chain of electron movements, produces a current. If electron ejection continues, further holes
are created, thereby increasing the electrical conductivity of the cell. This current can turn switches on and off and activate
various familiar mechanisms.

One such mechanism takes place where you may not expect it. Next time you are at the movie theater, pay close attention to the
sound coming out of the speakers. This sound is actually created using the photoelectric effect! The audiotape in the projector
booth is a transparent piece of film of varying width. This film is fed between a photocell and a bright light produced by an
exciter lamp. As the transparent portion of the film varies in width, the amount of light that strikes the photocell varies as well.
As aresult, the current in the photoconductive circuit changes with the width of the filmstrip. This changing current is
converted to a changing frequency, which creates the soundtrack commonly heard in the theater.

@ WORK IN PHYSICS

Solar Energy Physicist

According to the U.S. Department of Energy, Earth receives enough sunlight each hour to power the entire globe for a year.

While converting all of this energy is impossible, the job of the solar energy physicist is to explore and improve upon solar
energy conversion technologies so that we may harness more of this abundant resource.

The field of solar energy is not a new one. For over half a century, satellites and spacecraft have utilized photovoltaic cells to
create current and power their operations. As time has gone on, scientists have worked to adapt this process so that it may be
used in homes, businesses, and full-scale power stations using solar cells like the one shown in Figure 21.9.



Figure 21.9 A solar cell is an example of a photovoltaic cell. As light strikes the cell, the cell absorbs the energy of the photons. If this
energy exceeds the binding energy of the electrons, then electrons will be forced to move in the cell, thereby producing a current. This

current may be used for a variety of purposes. (credit: U.S. Department of Energy)

Solar energy is converted to electrical energy in one of two manners: direct transfer through photovoltaic cells or thermal
conversion through the use of a CSP, concentrating solar power, system. Unlike electric eyes, which trip a mechanism when
current is lost, photovoltaic cells utilize semiconductors to directly transfer the electrons released through the photoelectric
effect into a directed current. The energy from this current can then be converted for storage, or immediately used in an electric
process. A CSP system is an indirect method of energy conversion. In this process, light from the Sun is channeled using
parabolic mirrors. The light from these mirrors strikes a thermally conductive material, which then heats a pool of water. This
water, in turn, is converted to steam, which turns a turbine and creates electricity. While indirect, this method has long been the
traditional means of large-scale power generation.

There are, of course, limitations to the efficacy of solar power. Cloud cover, nightfall, and incident angle strike at high altitudes
are all factors that directly influence the amount of light energy available. Additionally, the creation of photovoltaic cells requires
rare-earth minerals that can be difficult to obtain. However, the major role of a solar energy physicist is to find ways to improve
the efficiency of the solar energy conversion process. Currently, this is done by experimenting with new semi conductive
materials, by refining current energy transfer methods, and by determining new ways of incorporating solar structures into the
current power grid.

Additionally, many solar physicists are looking into ways to allow for increased solar use in impoverished, more remote
locations. Because solar energy conversion does not require a connection to a large-scale power grid, research into thinner,
more mobile materials will permit remote cultures to use solar cells to convert sunlight collected during the day into stored
energy that can then be used at night.

Regardless of the application, solar energy physicists are an important part of the future in responsible energy growth. While a
doctoral degree is often necessary for advanced research applications, a bachelor's or master's degree in a related science or
engineering field is typically enough to gain access into the industry. Computer skills are very important for energy modeling,
including knowledge of CAD software for design purposes. In addition, the ability to collaborate and communicate with others
is critical to becoming a solar energy physicist.

GRASP CHECK
What role does the photoelectric effect play in the research of a solar energy physicist?
a. The understanding of photoelectric effect allows the physicist to understand the generation of light energy when using
photovoltaic cells.
b. The understanding of photoelectric effect allows the physicist to understand the generation of electrical energy when
using photovoltaic cells.
c. The understanding of photoelectric effect allows the physicist to understand the generation of electromagnetic energy
when using photovoltaic cells.
d. The understanding of photoelectric effect allows the physicist to understand the generation of magnetic energy when
using photovoltaic cells.



Check Your Understanding

12. How did Einstein's model of photons change the view of a beam of energy leaving a flashlight?
a. Abeam of light energy is now considered a continual stream of wave energy, not photons.
b. Abeam oflight energy is now considered a collection of photons, each carrying its own individual energy.

13. True or false—Visible light is the only type of electromagnetic radiation that can cause the photoelectric effect.
a. false
b. true

14. Isthe photoelectric effect a direct consequence of the wave character of EM radiation or the particle character of EM
radiation?
a. The photoelectric effect is a direct consequence of the particle nature of EM radiation.
b. The photoelectric effect is a direct consequence of the wave nature of EM radiation.
c. The photoelectric effect is a direct consequence of both the wave and particle nature of EM radiation.
d. The photoelectric effect is a direct consequence of neither the wave nor the particle nature of EM radiation.

15. Which aspects of the photoelectric effect can only be explained using photons?
a. aspectsi,2,and3
b. aspectsi,2,and 4
c. aspects1,2,4ands
d. aspectsi,2,3,4ands

16. Ina photovoltaic cell, what energy transformation takes place?
a. Solar energy transforms into electric energy.
b. Solar energy transforms into mechanical energy.
c. Solar energy transforms into thermal energy.
d. Inaphotovoltaic cell, thermal energy transforms into electric energy.

17. True or false—A current is created in a photoconductive cell, even if only one electron is expelled from a photon strike.
a. false
b. true

18. Whatis a photon and how is it different from other fundamental particles?
a. Aphoton is a quantum packet of energy; it has infinite mass.
b. Aphoton is a quantum packet of energy; it is massless.
c. Aphoton is a fundamental particle of an atom; it has infinite mass.
d. Aphoton is a fundamental particle of an atom; it is massless.

21.3 The Dual Nature of Light

Section Learning Objectives

By the end of this section, you will be able to do the following:
e Describe the Compton effect

e Calculate the momentum of a photon

e Explain how photon momentum is used in solar sails

e Explain the particle-wave duality of light

Section Key Terms

Compton effect particle-wave duality photon momentum

Photon Momentum

Do photons abide by the fundamental properties of physics? Can packets of electromagnetic energy possibly follow the same
rules as a ping-pong ball or an electron? Although strange to consider, the answer to both questions is yes.

Despite the odd nature of photons, scientists prior to Einstein had long suspected that the fundamental particle of



electromagnetic radiation shared properties with our more macroscopic particles. This is no clearer than when considering the
photoelectric effect, where photons knock electrons out of a substance. While it is strange to think of a massless particle
exhibiting momentum, it is now a well-established fact within the scientific community. Figure 21.10 shows macroscopic
evidence of photon momentum.

Figure 21.10 The tails of the Hale-Bopp comet point away from the Sun, evidence that light has momentum. Dust emanating from the body
of the comet forms this tail. Particles of dust are pushed away from the Sun by light reflecting from them. The blue, ionized gas tail is also

produced by photons interacting with atoms in the comet material. (credit: Geoff Chester, U.S. Navy, via Wikimedia Commons)

Figure 21.10 shows a comet with two prominent tails. Comet tails are composed of gases and dust evaporated from the body of
the comet and ionized gas. What most people do not know about the tails is that they always point away from the Sun rather
than trailing behind the comet. This can be seen in the diagram.

Why would this be the case? The evidence indicates that the dust particles of the comet are forced away from the Sun when
photons strike them. Evidently, photons carry momentum in the direction of their motion away from the Sun, and some of this
momentum is transferred to dust particles in collisions. The blue tail is caused by the solar wind, a stream of plasma consisting
primarily of protons and electrons evaporating from the corona of the Sun.

Momentum, The Compton Effect, and Solar Sails

Momentum is conserved in quantum mechanics, just as it is in relativity and classical physics. Some of the earliest direct
experimental evidence of this came from the scattering of X-ray photons by electrons in substances, a phenomenon discovered
by American physicist Arthur H. Compton (1892-1962). Around 1923, Compton observed that X-rays reflecting from materials
had decreased energy and correctly interpreted this as being due to the scattering of the X-ray photons by electrons. This
phenomenon could be handled as a collision between two particles—a photon and an electron at rest in the material. After
careful observation, it was found that both energy and momentum were conserved in the collision. See Figure 21.11. For the
discovery of this conserved scattering, now known as the Compton effect, Arthur Compton was awarded the Nobel Prize in
1929.

Shortly after the discovery of Compton scattering, the value of the photon momentum, p = %,

was determined by Louis de Broglie. In this equation, called the de Broglie relation, h represents Planck’s constant and A is the
photon wavelength.

Figure 21.11 The Compton effect is the name given to the scattering of a photon by an electron. Energy and momentum are conserved,

resulting in a reduction of both for the scattered photon.



We can see that photon momentum is small, since p = A/A. and his very small. It is for this reason that we do not ordinarily
observe photon momentum. Our mirrors do not recoil when light reflects from them, except perhaps in cartoons. Compton saw
the effects of photon momentum because he was observing X-rays, which have a small wavelength and a relatively large
momentum, interacting with the lightest of particles, the electron.

@ WORKED EXAMPLE

Electron and Photon Momentum Compared
(a) Calculate the momentum of a visible photon that has a wavelength of soo nm. (b) Find the velocity of an electron having the

same momentum. (c) What is the energy of the electron, and how does it compare with the energy of the photon?

Strategy

Finding the photon momentum is a straightforward application of its definition: p = //A. If we find the photon momentum is
small, we can assume that an electron with the same momentum will be nonrelativistic, making it easy to find its velocity and
kinetic energy from the classical formulas.

Solution for (a)
Photon momentum is given by the de Broglie relation.

_h 21.12
I’—/1 .

Entering the given photon wavelength yields

_ 663 x 107 -5
5.00 x 107’m

=133 x 107>"kg - m/s. 21.13

Solution for (b)
Since this momentum is indeed small, we will use the classical expression p = mv to find the velocity of an electron with this
momentum. Solving for vand using the known value for the mass of an electron gives

p _ 133 x 107 kg m/s

y=— o =1,459.9 m/s ~ 1,460 m/s. 21.14
m 9.11 x 1077 kg
Solution for (c)
The electron has kinetic energy, which is classically given by
1
KE, = —my?. 21.15
2
Thus,
_ 1 -31 2 _ -25
KE, = 2(9.11 x 1077 "kg)(1,456m/s)” = 9.64 x 107~J. 21.16
Converting this to eV by multiplying by ——0—_ yield
onverting this to eV by multiplying by (602 x 1077) yields
KE, =6.02 x 10~%V. 2117
The photon energy E is
h 6.63 x 10747 -5) (3.00 x 10® m/s
pote | ) - ) _ 308 x 107° 7 = 248V, 2118
A 5.00 x 107'm

which is about five orders of magnitude greater.

Discussion

Even in huge numbers, the total momentum that photons carry is small. An electron that carries the same momentum as a
500-nm photon will have a 1,460 m/s velocity, which is clearly nonrelativistic. This is borne out by the experimental observation
that it takes far less energy to give an electron the same momentum as a photon. That said, for high-energy photons interacting
with small masses, photon momentum may be significant. Even on a large scale, photon momentum can have an effect if there



are enough of them and if there is nothing to prevent the slow recoil of matter. Comet tails are one example, but there are also
proposals to build space sails that use huge low-mass mirrors (made of aluminized Mylar) to reflect sunlight. In the vacuum of
space, the mirrors would gradually recoil and could actually accelerate spacecraft within the solar system. See the following

figure.

TIPS FOR SUCCESS

When determining energies in particle physics, it is more sensible to use the unit eV instead of Joules. Using eV will help you
to recognize differences in magnitude more easily and will make calculations simpler. Also, eV is used by scientists to
describe the binding energy of particles and their rest mass, so using eV will eliminate the need to convert energy quantities.
Finally, eV is a convenient unit when linking electromagnetic forces to particle physics, as one €V is the amount energy given
to an electron when placed in a field of 1-V potential difference.

Practice Problems

19. Find the momentum of a 4.00-cm wavelength microwave photon.
a. 0.83x107°%kg - m/s
b. 1.66x107%*kg - m/s
c. 0.83x107*kg - m/s
d. 1.66x1072kg - m/s

20. Calculate the wavelength of a photon that has the same momentum of a proton moving at 1.00 percent of the speed of light.
a. 2.43x107°m
b. 2.43x10™”m
c. 132x107°m
d

1.32x10 2 m

Figure 21.12 (a) Space sails have been proposed that use the momentum of sunlight reflecting from gigantic low-mass sails to propel
spacecraft about the solar system. A Russian test model of this (the Cosmos 1) was launched in 2005, but did not make it into orbit due to a
rocket failure. (b) A U.S. version of this, labeled LightSail-1, is scheduled for trial launches in 2016. It will have a 40 m2 sail. (credit: Kim
Newton/NASA)

LINKS TO PHYSICS

LightSail-1 Project

“Provide ships or sails adapted to the heavenly breezes, and there will be some who will brave even that void.”

— Johannes Kepler (in a letter to Galileo Galilei in 1608)



Figure 21.13 NASA’s NanoSail-D, a precursor to LightSail-1, with its sails deployed. The Planetary Society will be launching LightSail-1 in
early 2016. (credit: NASA/MSFC/D, Wikimedia Commons)

Traversing the Solar System using nothing but the Sun’s power has long been a fantasy of scientists and science fiction writers
alike. Though physicists like Compton, Einstein, and Planck all provided evidence of light’s propulsive capacity, it is only recently
that the technology has become available to truly put these visions into motion. In 2016, by sending a lightweight satellite into
space, the LightSail-1 project is designed to do just that.

A citizen-funded project headed by the Planetary Society, the 5.45-million-dollar LightSail-1 project is set to launch two crafts
into orbit around the Earth. Each craft is equipped with a 32-square-meter solar sail prepared to unfurl once a rocket has
launched it to an appropriate altitude. The sails are made of large mirrors, each a quarter of the thickness of a trash bag, which
will receive an impulse from the Sun’s reflecting photons. Each time the Sun’s photon strikes the craft’s reflective surface and
bounces off, it will provide a momentum to the sail much greater than if the photon were simply absorbed.

Attached to three tiny satellites called CubeSats, whose combined volume is no larger than a loaf of bread, the received
momentum from the Sun’s photons should be enough to record a substantial increase in orbital speed. The intent of the
LightSail-1 mission is to prove that the technology behind photon momentum travel is sound and can be done cheaply. A test
flight in May 2015 showed that the craft’s Mylar sails could unfurl on command. With another successful result in 2016, the
Planetary Society will be planning future versions of the craft with the hopes of eventually achieving interplanetary satellite
travel. Though a few centuries premature, Kepler’s fantastic vision may not be that far away.

If eventually set into interplanetary launch, what will be the effect of continual photon bombardment on the motion of a craft
similar to LightSail-1?

a. Itwill result in continual acceleration of the craft.

b. Itwill first accelerate and then decelerate the craft.

c. Itwill first decelerate and then accelerate the craft.

d. Itwill result in the craft moving at constant velocity.

Particle-Wave Duality

We have long known that EM radiation is like a wave, capable of interference and diffraction. We now see that light can also be
modeled as particles—massless photons of discrete energy and momentum. We call this twofold nature the particle-wave
duality, meaning that EM radiation has properties of both particles and waves. This may seem contradictory, since we ordinarily
deal with large objects that never act like both waves and particles. An ocean wave, for example, looks nothing like a grain of
sand. However, this so-called duality is simply a term for properties of the photon analogous to phenomena we can observe
directly, on a macroscopic scale. See Figure 21.14. If this term seems strange, it is because we do not ordinarily observe details on
the quantum level directly, and our observations yield either particle-like or wave-like properties, but never both
simultaneously.



Figure 21.14 (a) The interference pattern for light through a double slit is a wave property understood by analogy to water waves. (b) The

properties of photons having quantized energy and momentum and acting as a concentrated unit are understood by analogy to

macroscopic particles.

Since we have a particle-wave duality for photons, and since we have seen connections between photons and matter in that both
have momentum, it is reasonable to ask whether there is a particle-wave duality for matter as well. If the EM radiation we once
thought to be a pure wave has particle properties, is it possible that matter has wave properties? The answer, strangely, is yes.
The consequences of this are tremendous, as particle-wave duality has been a constant source of scientific wonder during the

twentieth and twenty-first centuries.

Check Your Understanding

21. What fundamental physics properties were found to be conserved in Compton scattering?
a. energy and wavelength
b. energy and momentum
c. massand energy
d. energyandangle

22. Why do classical or relativistic momentum equations not work in explaining the conservation of momentum that occurs in
Compton scattering?
a. because neither classical nor relativistic momentum equations utilize mass as a variable in their equations
b. because relativistic momentum equations utilize mass as a variable in their formulas but classical momentum
equations do not
c. because classical momentum equations utilize mass as a variable in their formulas but relativistic momentum

equations do not
d. because both classical and relativistic momentum equations utilize mass as a variable in their formulas

23. If solar sails were constructed with more massive materials, how would this influence their effectiveness?
a. The effect of the momentum would increase due to the decreased inertia of the sails.
b. The effect of the momentum would reduce due to the decreased inertia of the sails.
c. The effect of the momentum would increase due to the increased inertia of the sails.
d. The effect of the momentum would be reduced due to the increased inertia of the sails.

24. True or false—It is possible to propel a solar sail craft using just particles within the solar wind.

a. true
b. false

25. True or false—Photon momentum more directly supports the wave model of light.
a. false
b. true



26. True or false—wave-particle duality exists for objects on the macroscopic scale.
a. false
b. true

27. What type of electromagnetic radiation was used in Compton scattering?
a. visiblelight
b. ultraviolet radiation
c. radio waves
d. X-rays



KEY TERMS

blackbody object that absorbs all radiated energy that
strikes it and also emits energy across all wavelengths of
the electromagnetic spectrum

Compton effect phenomenon whereby X-rays scattered
from materials have decreased energy

electriceye group of devices that use the photoelectric
effect for detection

particle-wave duality property of behaving like either a
particle or a wave; the term for the phenomenon that all
particles have wave-like characteristics and waves have
particle-like characteristics

photoelectric effect phenomenon whereby some materials
eject electrons when exposed to light

photoelectron electron that has been ejected from a

SECTION SUMMARY
21.1 Planck and Quantum Nature of
Light
« Ablackbody will radiate energy across all wavelengths
of the electromagnetic spectrum.

- Radiation of a blackbody will peak at a particular
wavelength, dependent on the temperature of the
blackbody.

« Analysis of blackbody radiation led to the field of
quantum mechanics, which states that radiated energy
can only exist in discrete quantum states.

21.2 Einstein and the Photoelectric
Effect

« The photoelectric effect is the process in which EM
radiation ejects electrons from a material.

- Einstein proposed photons to be quanta of EM
radiation having energy E = hf, where fis the
frequency of the radiation.

« All EM radiation is composed of photons. As Einstein

KEY EQUATIONS

21.1 Planck and Quantum Nature of
Light

quantumenergy E = nhf

21.2 Einstein and the Photoelectric
Effect

energy of a photon E=nf

Chapter 21 ¢ Key Terms 711

material by a photon of light

photon a quantum, or particle, of electromagnetic
radiation

photon momentum amount of momentum of a photon,
calculated by p = %

quantized the fact that certain physical entities exist only
with particular discrete values and not every conceivable
value

quantum discrete packet or bundle of a physical entity such
as energy

ultraviolet catastrophe misconception that blackbodies
would radiate high frequency energy at a much higher
rate than energy radiated at lower frequencies

explained, all characteristics of the photoelectric effect
are due to the interaction of individual photons with
individual electrons.

« The maximum kinetic energy KE. of ejected electrons
(photoelectrons) is given by KE, = hf — BE, where hf
is the photon energy and BE is the binding energy (or
work function) of the electron in the particular
material.

21.3 The Dual Nature of Light

« Compton scattering provided evidence that photon-
electron interactions abide by the principles of

conservation of momentum and conservation of energy.
« The momentum of individual photons, quantified by
p= %, can be used to explain observations of comets
and may lead to future space technologies.
« Electromagnetic waves and matter have both wave-like
and particle-like properties. This phenomenon is

defined as particle-wave duality.

maximum kinetic energy of a KE, = hf — BE

photoelectron

binding energy of an electron

BE = hfy

21.3 The Dual Nature of Light

momentum of a photon (deBroglie relation) p =

2




CHAPTER REVIEW

Concept Items
21.1 Planck and Quantum Nature of Light

1. What aspect of the blackbody spectrum forced Planck to
propose quantization of energy levels in atoms and
molecules?

a. Radiation occurs at a particular frequency that does
not change with the energy supplied.

b. Certain radiation occurs at a particular frequency
that changes with the energy supplied.

c. Maximum radiation would occur at a particular
frequency that does not change with the energy
supplied.

d. Maximum radiation would occur at a particular
frequency that changes with the energy supplied.

2. Two lasers shine red light at 650 nm. One laser is twice as
bright as the other. Explain this difference using photons
and photon energy.

a. The brighter laser emits twice the number of
photons and more energy per photon.

b. The brighter laser emits twice the number of
photons and less energy per photon.

c. Bothlasers emit equal numbers of photons and
equivalent amounts of energy per photon.

d. The brighter laser emits twice the number of
photons but both lasers emit equivalent amounts of
energy per photon.

3. Consider four stars in the night sky: red, yellow, orange,
and blue. The photons of which star will carry the
greatest amount of energy?

a. blue

b. orange
c. red

d. yellow

4. Alightbulb is wired to a variable resistor. What will
happen to the color spectrum emitted by the bulb as the
resistance of the circuit is increased?

a. The bulb will emit greener light.

b. The bulb will emit bluer light.

c. The bulb will emit more ultraviolet light.
d. The bulb will emit redder light.

21.2 Einstein and the Photoelectric Effect

5. Lightis projected onto a semi-conductive surface.
However, no electrons are ejected. What will happen
when the light intensity is increased?

a. Anincrease in light intensity decreases the number
of photons. However, no electrons are ejected.

b. Increase in light intensity increases the number of
photons, so electrons with higher kinetic energy are
ejected.

c. Anincrease in light intensity increases the number
of photons, so electrons will be ejected.

d. Anincrease in light intensity increases the number
of photons. However, no electrons are ejected.

6. True or false—The concept of a work function (or binding
energy) is permissible under the classical wave model.
a. false
b. true

7. Can asingle microwave photon cause cell damage?

a. No, there is not enough energy associated with a
single microwave photon to result in cell damage.

b. No, there is zero energy associated with a single
microwave photon, so it does not result in cell
damage.

c. Yes, a single microwave photon causes cell damage
because it does not have high energy.

d. Yes, a single microwave photon causes cell damage
because it has enough energy.

21.3 The Dual Nature of Light

8. Why don't we feel the momentum of sunlight when we
are on the beach?

a. The momentum of a singular photon is incredibly
small.

b. The momentum is not felt because very few photons
strike us at any time, and not all have momentum.

c. The momentum of a singular photon is large, but
very few photons strike us at any time.

d. Alarge number of photons strike us at any time, and
so their combined momentum is incredibly large.

9. Ifabeam of helium atoms is projected through two slits
and onto a screen, will an interference pattern emerge?

a. No, an interference pattern will not emerge because
helium atoms will strike a variety of locations on the
screen.

b. No, an interference pattern will not emerge because
helium atoms will strike at certain locations on the
screen.

c. Yes, an interference pattern will emerge because
helium atoms will strike a variety of locations on the
screen.

d. Yes, an interference pattern will emerge because
helium atoms will strike at certain locations on the
screen.



Critical Thinking Items
21.1 Planck and Quantum Nature of Light

10. Explain why the frequency of a blackbody does not

double when the temperature is doubled.

a.
b.

C.

Frequency is inversely proportional to temperature.
Frequency is directly proportional to temperature.
Frequency is directly proportional to the square of
temperature.

Frequency is directly proportional to the fourth
power of temperature.

11. Why does the intensity shown in the blackbody radiation

graph decrease after its peak frequency is achieved?

Because after reaching the peak frequency, the
photons created at a particular frequency are too
many for energy intensity to continue to decrease.
Because after reaching the peak frequency, the
photons created at a particular frequency are too
few for energy intensity to continue to decrease.
Because after reaching the peak frequency, the
photons created at a particular frequency are too
many for energy intensity to continue to increase.
Because after reaching the peak frequency, the
photons created at a particular frequency are too
few for energy intensity to continue to increase.

12. Shortly after the introduction of photography, it was

found that photographic emulsions were more sensitive
to blue and violet light than they were to red light.
Explain why this was the case.

a.

Blue-violet light contains greater amount of energy
than red light.

Blue-violet light contains lower amount of energy
than red light.

Both blue-violet light and red light have the same
frequency but contain different amounts of energy.
Blue-violet light frequency is lower than the
frequency of red light.

13. Why is it assumed that a perfect absorber of light (like a
blackbody) must also be a perfect emitter of light?

a.

To achieve electrostatic equilibrium with its
surroundings

To achieve thermal equilibrium with its
surroundings

To achieve mechanical equilibrium with its
surroundings

To achieve chemical equilibrium with its
surroundings

21.2 Einstein and the Photoelectric Effect

14. Lightis projected onto a semi-conductive surface. If the
intensity is held constant but the frequency of light is
increased, what will happen?

a.

As frequency is increased, electrons will stop being
ejected from the surface.

As frequency is increased, electrons will begin to be
ejected from the surface.

As frequency is increased, it will have no effect on
the electrons being ejected as the intensity is the
same.

As frequency is increased, the rate at which the
electrons are being ejected will increase.

15. Why is it important to consider what material to use
when designing a light meter? Consider the worked

example from Section 21-2 for assistance.

a.

Alight meter should contain material that responds
only to high frequency light.

Alight meter should contain material that responds
to low frequency light.

Alight meter should contain material that has high
binding energy.

Alight meter should contain a material that does
not show any photoelectric effect.

16. Why does overexposure to UV light often result in

sunburn when overexposure to visible light does not?
This is why you can get burnt even on a cloudy day.

a.

UV light carries less energy than visible light and
can penetrate our body.

UV light carries more energy than visible light, so it
cannot break bonds at the cellular level.

UV light carries more energy than visible light and
can break bonds at the cellular level.

UV light carries less energy than visible light and
cannot penetrate the human body.

17. Ifyou pick up and shake a piece of metal that has

electrons in it free to move as a current, no electrons fall
out. Yet if you heat the metal, electrons can be boiled off.

Explain both of these facts as they relate to the amount

and distribution of energy involved with shaking the




object as compared with heating it.
a. Thermal energy is added to the metal at a much
higher rate than energy added due to shaking.
b. Thermal energy is added to the metal at a much
lower rate than energy added due to shaking.
c. Ifthe thermal energy added is below the binding
energy of the electrons, they may be boiled off.
d. Ifthe mechanical energy added is below the
binding energy of the electrons, they may be boiled
off.

21.3 The Dual Nature of Light

18. In many macroscopic collisions, a significant amount of
kinetic energy is converted to thermal energy. Explain
why this is not a concern for Compton scattering.

a. Because, photons and electrons do not exist on the
molecular level, all energy of motion is considered
kinetic energy.

b. Because, photons exist on the molecular level while
electrons do not exist on the molecular level, all
energy of motion is considered kinetic energy.

c. Because, electrons exist on the molecular level
while photons do not exist on the molecular level,
all energy of motion is considered kinetic energy.

d. Because, photons and electrons exist on the
molecular level, all energy of motion is considered
kinetic energy.

Problems

21.1 Planck and Quantum Nature of Light

22. How many X-ray photons per second are created by an

23.

X-ray tube that produces a flux of X-rays having a power
of 1.00 W? Assume the average energy per photon is
75.0 keV.

a. 8.33x 10" photons

b. 9.1x107 photons

c. 9.1x10% photons

d. 8.33 x10" photons

What is the frequency of a photon produced in a CRT
using a 25.0-kV accelerating potential? This is similar to
the layout as in older color television sets.

a. 6.04x107* Hz

b. 2.77x107* Hz

c. 3.02x10®¥Hz

d. 6.04x10¥Hz

21.2 Einstein and the Photoelectric Effect

24. Whatis the binding energy in eV of electrons in

magnesium, if the longest-wavelength photon that can
eject electrons is 337 nm?

19.

20.

21.

25.

In what region of the electromagnetic spectrum will
photons be most effective in accelerating a solar sail?
a. ultraviolet rays
b. infrared rays
c. X-rays
d. gamma rays

True or false—Electron microscopes can resolve images
that are smaller than the images resolved by light

microscopes.
a. false
b. true

How would observations of Compton scattering change
if ultraviolet light were used in place of X-rays?

a. Ultraviolet light carries less energy than X-rays. As
aresult, Compton scattering would be easier to
detect.

b. Ultraviolet light carries less energy than X-rays. As
a result, Compton scattering would be more
difficult to detect.

c. Ultraviolet light carries more energy than X-rays.
As aresult, Compton scattering would be easier to
detect.

d. Ultraviolet light has higher energy than X-rays. Asa
result, Compton scattering would be more difficult
to detect.

a. 7.44x10779]
b. 7.44x107%]
c. 5.90x1077]
d. s5.90x107¥]

Photoelectrons from a material with a binding energy of
2.71 €V are ejected by 420-nm photons. Once ejected,
how long does it take these electrons to travel 2.50 cm to

a detection device?
a. 8.5x107°s

b. 3.5x107s

C. 43.5x107°s
d. 8.5x1078%s

21.3 The Dual Nature of Light

26. What is the momentum of a 0.0100-nm-wavelength

photon that could detect details of an atom?
a. 6.626x1027kg - m/s

b. 6.626 x10732kg - m/s

C. 6.626x10*kg - m/s

d. 6.626 x102kg - m/s

27. The momentum of light is exactly reversed when

reflected straight back from a mirror, assuming
negligible recoil of the mirror. Thus the change in



momentum is twice the initial photon momentum.
Suppose light of intensity 1.00 kW/mz2 reflectsfrom a
mirror of area 2.00 m2 each second. Using the most
general form of Newton's second law, what is the force
on the mirror?

Performance Task
21.3 The Dual Nature of Light

28.

Our scientific understanding of light has changed over
time. There is evidence to support the wave model of
light, just as there is evidence to support the particle
model of light.

1. Construct a demonstration that supports the wave
model of light. Note—One possible method is to
use a piece of aluminum foil, razor blade, and laser
to demonstrate wave interference. Can you arrange
these materials to create an effective
demonstration? In writing, explain how evidence

TEST PREP

Multiple Choice
21.1 Planck and Quantum Nature of Light

29.

30.

31.

32.

33.

A perfect blackbody is a perfect absorber of energy
transferred by what method?

a. conduction

b. convection

¢. induction

d. radiation

Which of the following is a physical entity that is
quantized?

a. electric charge of an ion

b. frequency of a sound

c. speedofacar

Find the energy in joules of photons of radio waves that
leave an FM station that has a 90.0-MHz broadcast
frequency.

a. 1.8x10°%]

b. rux10%]

c. 7.1x107%]

d. 5.96x107%]

Which region of the electromagnetic spectrum will
provide photons of the least energy?

a. infrared light

b. radio waves

c. ultraviolet light

d. X-rays

Ahot, black coffee mug is sitting on a kitchen table in a
dark room. Because it cannot be seen, one assumes that

34.

1.33x10° N
1.33x10°N
1.33x10'N
1.33x10°8N

n o e

from your demonstration supports the wave model
of light.

2. Construct a demonstration that supports the
particle model of light. Note—One possible
method is to use a negatively charged electroscope,
zinc plate, and three light sources of different
frequencies. A red laser, a desk lamp, and
ultraviolet lamp are typically used. Can you arrange
these materials to demonstrate the photoelectric
effect? In writing, explain how evidence from your
demonstration supports the particle model of
light.

it is not emitting energy in the form of light. Explain the
fallacy in this logic.

a. Notall heat is in the form of light energy.

b. Notalllight energy falls in the visible portion of the
electromagnetic spectrum.

c. Allheatisin the form of light energy.
Alllight energy falls in the visible portion of the
electromagnetic spectrum.

Given two stars of equivalent size, which will have a
greater temperature: a red dwarf or a yellow dwarf?
Explain. Note—Our sun is considered a yellow dwarf.

a. ayellow dwarf, because yellow light has lower

frequency

b. ared dwarf, because red light has lower frequency
ared dwarf, because red light has higher frequency
d. ayellow dwarf, because yellow light has higher

]

frequency

21.2 Einstein and the Photoelectric Effect

35. What is a quantum of light called?

a. electron
b. neutron
c. photon
d. proton

36. Which of the following observations from the

photoelectric effect is not a violation of classical physics?
a. Electrons are ejected immediately after impact
from light.
b. Light can eject electrons from a semi-conductive




37.

38.

39.

40.

material.

c. Lightintensity does not influence the kinetic
energy of ejected electrons.

d. No electrons are emitted if the light frequency is
too low.

If5eV of energy is supplied to an electron with a
binding energy of 2.3 eV, with what kinetic energy will
the electron be launched?

a. 23eV
b. 7.3eV
c. 11.5eV
d. 2.7eV

Which of the following terms translates to light-
producing voltage?

a. photoelectric

b. quantum mechanics

c. photoconductive

d. photovoltaic

Why is high frequency EM radiation considered more
dangerous than long wavelength EM radiation?

a. Long wavelength EM radiation photons carry less
energy and therefore have greater ability to disrupt
materials through the photoelectric effect.

b. Long wavelength EM radiation photons carry more
energy and therefore have greater ability to disrupt
materials through the photoelectric effect.

c. High frequency EM radiation photons carry less
energy and therefore have lower ability to disrupt
materials through the photoelectric effect.

d. High frequency EM radiation photons carry more
energy and therefore have greater ability to disrupt
materials through the photoelectric effect.

Why are UV, X-rays, and gamma rays considered
ionizing radiation?
a. UV, X-rays, and gamma rays are capable of ejecting
photons from a surface.
b. UV, X-rays, and gamma rays are capable of ejecting
neutrons from a surface.
c. UV, X-rays, and gamma rays are capable of ejecting

Short Answer
21.1 Planck and Quantum Nature of Light

46.

Scientists once assumed that all frequencies of light
were emitted with equal probability. Explain what the
blackbody radiation curve would look like if this were
the case.
a. The blackbody radiation curve would look like a
circular path.
b. The blackbody radiation curve would look like an

protons from a surface.
d. UV, X-rays, and gamma rays are capable of ejecting
electrons from a surface.

21.3 The Dual Nature of Light

41. What two particles interact in Compton scattering?

42.

43.

44.

45.

47.

a. photon and electron
b. protonand electron
c. neutron and electron
d. proton and neutron

What is the momentum of a 500-nm photon?
a. 8.35x10%°kg-m/s

b. 3.31x10*°kg-m/s

c. 7.55x10*°kg-m/s

d. 1.33x10%7kg-m/s

The conservation of what fundamental physics principle
is behind the technology of solar sails?

a. charge

b. mass

c. momentum

d. angular momentum

Terms like frequency, amplitude, and period are tied to
what component of wave-particle duality?

a. neither the particle nor the wave model of light

b. both the particle and wave models of light

c. the particle model of light

d. the wave model of light

Why was it beneficial for Compton to scatter electrons
using X-rays and not another region of light like
microwaves?
a. because X-rays are more penetrating than
microwaves
b. because X-rays have lower frequency than
microwaves
c. because microwaves have shorter wavelengths than
X-rays
d. because X-rays have shorter wavelength than
microwaves

elliptical path.

c. The blackbody radiation curve would look like a
vertical line.

d. The blackbody radiation curve would look like a
horizontal line.

Because there are more gradations to high frequency
radiation than low frequency radiation, scientists also
thought it possible that a curve titled the ultraviolet
catastrophe would occur. Explain what the blackbody
radiation curve would look like if this were the case.



48.

49.

50.

51.

52.

a. The curve would steadily increase in intensity with
increasing frequency.

b. The curve would steadily decrease in intensity with
increasing frequency.

c. The curve would be much steeper than in the
blackbody radiation graph.

d. The curve would be much flatter than in the
blackbody radiation graph.

Energy provided by a light exists in the following
quantities: 150 J, 225 ], 300 J. Define one possible
quantum of energy and provide an energy state that
cannot exist with this quantum.

a. 65];450] cannot exist

b. 70];450] cannot exist

c. 75];375] cannot exist

d. 75];100] cannot exist

Why is Planck’s recognition of quantum particles
considered the dividing line between classical and
modern physics?

a. Planck recognized that energy is quantized, which
was in sync with the classical physics concepts but
not in agreement with modern physics concepts.

b. Planck recognized that energy is quantized, which
was in sync with modern physics concepts but not
in agreement with classical physics concepts.

c. Prior to Planck’s hypothesis, all the classical
physics calculations were valid for subatomic
particles, but quantum physics calculations were
not valid.

d. Prior to Planck’s hypothesis, all the classical
physics calculations were not valid for macroscopic
particles, but quantum physics calculations were
valid.

How many 500-mm microwave photons are needed to
supply the 8 k] of energy necessary to heat a cup of
water by 10 degrees Celsius?

a. 8.05 x 10?8 photons

b. 8.05 x 10%° photons

c. 2.01x10%* photons

d. 2.01x10% photons

What is the efficiency of a 100-W, 550-nm lightbulb if a
photometer finds that 1 x 10*° photons are emitted each
second?

a. 101 percent

b. 72 percent

c. 18 percent

d. 36 percent

Rank the following regions of the electromagnetic
spectrum by the amount of energy provided per photon:
gamma, infrared, microwave, ultraviolet, radio, visible,
X-ray.

a. radio, microwave, infrared, visible, ultraviolet, X-
ray, gamma

b. radio, infrared, microwave, ultraviolet, visible, X-
ray, gamma

c. radio, visible, microwave, infrared, ultraviolet, X-
ray, gamma

d. radio, microwave, infrared, visible, ultraviolet,
gamma, X-ray

53. Why are photons of gamma rays and X-rays able to

penetrate objects more successfully than ultraviolet

radiation?
a. Photons of gamma rays and X-rays carry with them
less energy.

b. Photons of gamma rays and X-rays have longer
wavelengths.

c. Photons of gamma rays and X-rays have lower
frequencies.

d. Photons of gamma rays and X-rays carry with them
more energy.

21.2 Einstein and the Photoelectric Effect

54. According to wave theory, what is necessary to eject
electrons from a surface?

a. Enough energy to overcome the binding energy of
the electrons at the surface

b. A frequency that is higher than that of the electrons
at the surface

c. Energy thatislower than the binding energy of the
electrons at the surface

d. Avery small number of photons

55. What is the wavelength of EM radiation that ejects
2.00-€V electrons from calcium metal, given that the
binding energy is 2.71 eV?

a. 16.1x10°m

b. 6.21x107m
C. 9.94x10%m
d. 2.63x107m

56. Find the wavelength of photons that eject 0.100-eV
electrons from potassium, given that the binding energy
is2.24eV.

a. 6.22Xx107"m
b. 592x 107 m
c. 1.24%x107 m
d. 531x107 m

57. How do solar cells utilize the photoelectric effect?
a. Asolar cell converts all photons that it absorbs to
electrical energy using the photoelectric effect.
b. Asolar cell converts all electrons that it absorbs to
electrical energy using the photoelectric effect.
c. Asolar cell absorbs the photons with energy less




58.

than the energy gap of the material of the solar cell
and converts it to electrical energy using the
photoelectric effect.

d. Asolar cell absorbs the photons with energy greater
than the energy gap of the material of the solar cell
and converts it to electrical energy using the
photoelectric effect.

Explain the advantages of the photoelectric effect to
other forms of energy transformation.
a. The photoelectric effect is able to work on the Sun’s
natural energy.
b. The photoelectric effect is able to work on energy
generated by burning fossil fuels.
c. The photoelectric effect can convert heat energy
into electrical energy.
d. The photoelectric effect can convert electrical
energy into light energy.

21.3 The Dual Nature of Light

59.

60.

61.

62.

Upon collision, what happens to the frequency of a
photon?
a. The frequency of the photon will drop to zero.
b. The frequency of the photon will remain the same.
c. The frequency of the photon will increase.
d. The frequency of the photon will decrease.

How does the momentum of a photon compare to the
momentum of an electron of identical energy?
a. Momentum of the photon is greater than the
momentum of an electron.
b. Momentum of the photon is less than the
momentum of an electron.
c. Momentum of the photon is equal to the
momentum of an electron.
d. Momentum of the photon is zero due to zero rest
mass but the momentum of an electron is finite.

A 500-nm photon strikes an electron and loses 20
percent of its energy. What is the new momentum of the
photon?

a. 4.24x10%7kg - m/s

b. 3.18x10%7kg-m/s

c. 2.12x10%7kg-m/s

d. 1.06x107%7kg - m/s

A 500-nm photon strikes an electron and loses 20
percent of its energy. What is the speed of the recoiling
electron?

a. 7.18x10°m/s

b. 6.18 x10°m/s

63.

64.

65.

66.

c. 5.18x10°m/s
d. 4.18x10°m/s

When a photon strikes a solar sail, what is the direction
of impulse on the photon?

a. parallel to the sail

b. perpendicular to the sail

c. tangential to the sail

d. opposite to the sail

What is a fundamental difference between solar sails
and sails that are used on sailboats?

a. Solar sails rely on disorganized strikes from light
particles, while sailboats rely on disorganized
strikes from air particles.

b. Solar sails rely on disorganized strikes from air
particles, while sailboats rely on disorganized
strikes from light particles.

c. Solar sails rely on organized strikes from air
particles, while sailboats rely on organized strikes
from light particles.

d. Solar sails rely on organized strikes from light
particles, while sailboats rely on organized strikes
from air particles.

The wavelength of a particle is called the de Broglie
wavelength, and it can be found with the equation
p=14.

Yes or no—Can the wavelength of an electron match
that of a proton?

a. Yes, a slow-moving electron can achieve the same
momentum as a slow-moving proton.

b. No, a fast-moving electron cannot achieve the same
momentum, and hence the same wavelength, asa
proton.

c. No, an electron can achieve the same momentum,
and hence not the same wavelength, as a proton.

d. Yes, a fast-moving electron can achieve the same
momentum, and hence have the same wavelength,
as a slow-moving proton.

Large objects can move with great momentum. Why
then is it difficult to see their wave-like nature?
a. Their wavelength is equal to the object’s size.
b. Their wavelength is very small compared to the
object’s size.
c. Their wavelength is very large compared to the
object’s size.
d. Their frequency is very small compared to the
object’s size.
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67.

68.

69.

70.

Some television tubes are CRTs. They use an
approximately 30-kV accelerating potential to send
electrons to the screen, where the electrons stimulate
phosphors to emit the light that forms the pictures we
watch. Would you expect X-rays also to be created?
Explain.
a. No, because the full spectrum of EM radiation is
not emitted at any temperature.
b. No, because the full spectrum of EM radiation is
not emitted at certain temperatures.
c. Yes, because the full spectrum of EM radiation is
emitted at any temperature.
d. Yes, because the full spectrum of EM radiation is
emitted at certain temperatures.

If Planck’s constant were large, say 10> times greater
than it is, we would observe macroscopic entities to be
quantized. Describe the motion of a child’s swing under
such circumstances.
a. The child would not be able to swing with
particular energies.
b. The child could be released from any height.
The child would be able to swing with constant
velocity.
d. The child could be released only from particular
heights.

What is the accelerating voltage of an X-ray tube that
produces X-rays with the shortest wavelength of 0.0103

nm?
a. 1.21x10°V
b. 2.4x10°V

c. 3.0x103V
d. 1.21x10°V

Patients in a doctor’s office are rightly concerned about
receiving a chest X-ray. Yet visible light is also a form of
electromagnetic radiation and they show little concern
about sitting under the bright lights of the waiting
room. Explain this discrepancy.
a. X-ray photons carry considerably more energy so
they can harm the patients.
b. X-ray photons carry considerably less energy so
they can harm the patients.
c. X-ray photons have considerably longer
wavelengths so they cannot harm the patients.
d. X-ray photons have considerably lower frequencies
so they can harm the patients.

21.2 Einstein and the Photoelectric Effect

71.

When increasing the intensity of light shining on a

72.

73.

74.

metallic surface, it is possible to increase the current
created on that surface. Classical theorists would argue
that this is evidence that intensity causes charge to move
with a greater kinetic energy. Argue this logic from the
perspective of a modern physicist.

a. Theincreased intensity increases the number of
ejected electrons. The increased current is due to
the increase in the number of electrons.

b. Theincreased intensity decreases the number of
ejected electrons. The increased current is due to
the decrease in the number of electrons ejected.

c. Theincreased intensity does not alter the number
of electrons ejected. The increased current is due to
the increase in the kinetic energy of electrons.

d. The increased intensity alters the number of
electrons ejected, but an increase in the current is
due to an increase in the kinetic energy of
electrons.

What impact does the quantum nature of
electromagnetic radiation have on the understanding of
speed at the particle scale?

a. Speed must also be quantized at the particle scale.

b. Speed will not be quantized at the particle scale.

c. Speed must be zero at the particle scale.

d. Speed will be infinite at the particle scale.

A 500 nm photon of light strikes a semi-conductive
surface with a binding energy of 2 eV. With what velocity
will an electron be emitted from the semi-conductive
surface?

a. 8.38x10°m/s

b. 9.33x10°m/s

c. 3x108m/s

d. 411x10°m/s

True or false—Treating food with ionizing radiation
helps keep it from spoiling.

a. true

b. false

21.3 The Dual Nature of Light

75.

When testing atomic bombs, scientists at Los Alamos
recognized that huge releases of energy resulted in
problems with power and communications systems in
the area surrounding the blast site. Explain the possible
tie to Compton scattering.
a. Therelease of light energy caused large-scale
emission of electrons.
b. The release of light energy caused large-scale
emission of protons.
c. Therelease of light energy caused large-scale
emission of neutrons.
d. The release of light energy caused large-scale
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emission of photons. a. pointA
. . . b. pointB
76. Sunlight above the Earth's atmosphere has an intensity i .
. . . c. pointC
of 1.30 kW/mz2 . If this is reflected straight back from a .
. . . d. pointD
mirror that has only a small recoil, the light’s
momentum is exactly reversed, giving the mirror twice 78. What will happen to the interference pattern created by
the incident momentum. If the mirror were attached to electrons when their velocities are increased?
a solar sail craft, how fast would the craft be moving a. There will be more zones of constructive
after 24 hr? Note—The average mass per square meter of interference and fewer zones of destructive
the craftis 0.100 kg. interference.
a. 8.67x10°m/s? b. There will be more zones of destructive
b. 8.67x107°m/s? interference and fewer zones of constructive
c. 94.2m/s interference.
d. 7.49m/s c. There will be more zones of constructive and

. . . . . destructive interference.
77. Consider the counter-clockwise motion of LightSail-1 . .
d. There will be fewer zones of constructive and

around Earth. When will the satellite move the fastest? L
destructive interference.
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