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QUANTUM PHYSICS

Welcome to Quantum Physics

Quantum theory has a reputation for being difficult to grasp and removed
from real-world problems. This free ed ucational resource fromthe UK
Institute of Physics challenges this stereotype by offering a new quamtum
curriculum to support und ergrad uate physics stud ents and tutors.

Unlike traditional approaches based on continuouswave mechanics, itimmediately
immemsesstudentsininherently quantum mechanical concepts by focusing on
experiments thathave no classical explanation. Specifically, itis built around discreet two
level systemssuch asspin-1% particles, interferometers and qubits.

This allows from the starta discussion aboutthe interpretive aspects of guantum mechani
and its modem applications in quantum information processing withoutthe need to first
covercomplexintegrals and differential equations.

Unigquely, the site allows usersto approach qguantum theorny from these and more tradition
pemspectives by organizing the core tutoral content across five distinctthemes.

undergraduate physics course by demystifyingsome ofthe mostweird and powerful ideas
inscience and technology.
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Welcome to Quantum Physics

Quantum theory has a reputation for being difficult to grasp and removed
from real-world problems. This free educational resource from the UK
Institute of Physics challenges this stereotype by offering a new quantum
curriculum to support undergraduate physics students and tutors.

Unlike traditional approaches based on continuous wave mechanics, it immediately
immerses students in inherently guantum mechanical concepts by focusing on
experiments that have no classical explanation. Specifically, it is built around discrete
two-level systems such as spin-¥ particles, interferometers and qubits.

This allows from the start a discussion about the interpretive aspects of quantum
mechanics and its modern applications in quanmtum information processing without the
need to first cover complex integrals and differential equations.

Uniquely, the site allows users to approach quantum theory from these and more
traditional perspectives by organizing the core tutorial content across five distinct
themes. Perhaps a historical approach fits best, or you might prefer a more
philosophical or mathematical take. Some users will benefit by focusing on
experiments or by jumping straight to the most recent applications of the theory. Give
each a go, or simply view everything alphabetically



QUANTUM PHYSICS

Welcome to Quantum Physics

Quamtum theory has a reputation for being difficult to grasp and removed
from real-world problems. This free educational resource from the UK
Institute of Physics challenges this stereotype by offering a new quantum
curriculum to support und ergrad uate physics stud ents and tutors.

Unlike traditional approaches based on continuouswave mechanics, itimmediately
immersesstudentsin inherently guantum mechanical conce pts by focusing on
experimentsthathave no classical explanation. Specifically, itis builtanund discreetiwo-
level systems such asspin- 1 particles, interferometers and qubits.

This allows from the start a discussion aboutthe interpretive aspects of quantum mechanics
and its modem applications in quantum information processing withoutthe need to fist
covercomplexintegrals and differential equations.

Uniguely, the site allows usems to approach quantum theory from these and more traditional
perspectives by organizing the core tutorial content across five distinctthemes.

Whichevertheme you choose, thissite is here to supportyou throughoutyour
undergraduate physics course by demystifying some ofthe mostweird and powerful ideas
inscience and technology.
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A short registration form is all that stands
between you and more than B0 original tutorials
in guartum meehanics, plus num erous
interactive sim ulations, problem sets and
Elossaries.

Register now and a brief tutorial will guide you
through the site.

REGISTER




A short registration form is all that stands
between you and more than BO original tutorials
In quantum mechanics, plus num erous
interactive simulations, problem sets and
glossaries.

Hedister now and a brief tutorial will guide you
through the site.

REGISTER
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Found a theme to suit your needs?

Den't forget that in addition to ever B0 commissioned articles,
the site offers num erous interactive sim ulations, problem sets
and a glossary of terms. These are indieated in a drop down
menu inthe nawigation bar on the right.

To helpyou getthe mostoutofthe site, aslidingscale atthe base of
each tutorial allows you to tag yourlevel of undermstanding of a topic.
Thiswill be stored and displayed in the navigation barnexttime you
retum to the site so thatyou ean trackyour progress.

You may also search forspecifictext ortopics using the tool in the
navigation bar, orretake the introductory tutorial atany time during
yourvisit by clicking on the information button on the left.
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Found a theme to suit your needs?

Don’t forget that in addition to over 80 commissioned
articles, the site offers numerous interactive simulations,
problem sets and a glossary of terms. These are indicated in a
drop down menu in the navigation bar on the right.

To help you get the most out of the site, a sliding scale atthe base
of each tutonal allows you to tag yourlevel ofunderstanding ofa

topic. This will be stored and displayed in the navigation bar next
time you retum to the site so thatyou can track your progress.

You may also search for specific text or topics using the tool in the
navigation bar, or retake the introductory tutorial at any time
during yourvisit by clicking on the information button on the left.
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Whatis a photon

How do we describe the action of a beam splitter

I N F 0 R M ATI 0 N A I. Can a photon be divided into paris?

This contem porary approach to guantum mechanics based on
two-level systems, or gubits, takes students straight to the heart
of its most counterintuitive aspects: superposition and
entang|em ent. It also links naturally to eutting-edge Which path does a photon take?
applications such as guantum computing and cryptography,
which traditionally appear at the end of an undergraduate
COLrSE.

How can particlesinterfere

How do classical concepts break down?

How do we describe the general state of a photon?

How do we describe the superposition of states

Whydo we need complex numbers in quanium physics?

Whatis state space

Whatlis the point of Diracnotation?

How do we calculate probabilities

Whatls an expectation value?

Howdoes a gravitational inter ferometer work?

Whydo we atiribute spin to the electron?

Howis the electron spin state represented in quantum

mechanics?

IOP Institute of Physics
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This contemporary approach to quantum mechanics based on
two-level systems, or qubits, takes students straight to the heart
of its most counterintuitive aspects: superposition and
entanglement. It also links naturally to cutting-edge
applications such as quantum computing and cryptography,
which traditionally appear at the end of an undergraduate

course.
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This contem porary approach to guartum m echanics based on
two-level systems, or gubits, takes students straight to the heart
of its m ost counterintuitive aspects: superposition and
entanglem ent. |t also links naturally to cutting-edge
applications such as quantum com puting and cryptography,
which traditionally appear at the end of an undergraduate
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Whatis a photon

How do we describe the action of a beam splitter

Can a photon be divided into parts?

How can particlesinterfere

Which path does a photon take?

How do classical concepts break down?

How do we describe the gen, state ofa photon?

How do we describe the superposition ofstates

Why do we need complex numibers in quan tum physics?

What is state space

Whatis the point of Mirac notation?

How do we calculate probabilities

Whatis an expectation value?

How does a gravitational interferometer work?

Why do we atiribute spin to the electron?

Howls the electron spin state represented in quantum

mechanics?
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|:| Whatis a photon

I:I How do we describe the action of a beam splitter

I:I Can a photon be divided into parts?

|:| How can particles interfere
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QUANTUM PHYSICS

What is a photon?

Light is an electromagnetic wave, and photons are often described as particles of light or packets of light energy.
How can we make this particle description more precise? To begin to answer this gquestion, we will consider a
simple experiment in which a laser is pointed at a photodetector (Figure 1). The laser has two settings, high and
low, corresponding to high and low output power, respectively.

l:l How do we describe the action of a beam splitter

detector

Figure 1: Experiment 1.

l:l Can a photon be divided into parts?

l:l How can particles interfere

[ | which path does a photon take?

l:l How do classical concepts break down?

l:l How do we describe the general state ofa photon?

l:l How do we describe the superposition ofstates

Let's say that the high output is about 1.0 mW, which is roughly the intensity of an average (legal) laser pointer. In
the photodetector the energy of the light is transferred to electrons, and this generates a current that is read out
by an ammeter. When the laser is set to the high power output, we see a steady current on the meter. The size of
the current is directly proportional to the intensity of the light.

MNext, we reduce the power of the laser by switching the setting to “low”. We expect that continuously lowering the
power output of the laser will continuously decrease the current in the detector. At first, this is indeed how the
system behaves. However, it is an experimental fact that for very low intensities the current is no longer a
continuous steady current, but rather comes in pronounced pulses.

‘ Whydo we need comple x numbers in quan tum physics?

vhatis the point of Dirac notation?

l:l How do we calculate probabilities

l:l What is an expectation value?

l:l How does a gravitational interferometer work?

[ | whydo we attribute spin to the clectron?

1OP Institute of Physics

l:l Howis the electron spin state represented in quantum

mechanics?

[ | wnatisthe magnitude of the electron spin?
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Whatis a photon?

Light is an electromagnetic wave, and photons are often described as particles of light or packets of light energy. How can we make this particle description more precise?
To begin to answer this question, we will consider a simple experiment in which a laser is pointed at a photodetector (Figure 1). The laser has two settings, high and low,
corresponding to high and low output power, respectively.

[ D
deteétor

e A

Figure 1: Experiment 1.

Let's say that the high output is about 1.0 mW, which is roughly the intensity of an average (legal) laser pointer. In the photodetector the energy of the light is transferred to
electrons, and this generates a current that is read out by an ammeter. When the laser is set to the high power output, we see a steady current on the meter. The size of
the current is directly proportional to the intensity of the light.

Next, we reduce the power of the laser by switching the setting to “low”. We expect that continuously lowering the power output of the laser will continuously decrease the
current in the detector. At first, this is indeed how the system behaves. However, it is an experimental fact that for very low intensities the current is no longer a continuous
steady current, but rather comes in pronounced pulses.

[

detector
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current in the detector. At first, this is indeed how the system behaves. However, it is an experimental fact that for very low intensities the current is no longer a continuous
steady current, but rather comes in pronounced pulses.

D

detector

Figure 2: Experiment 2.

This is the first counterintuitive quanturm mechanical result. In what fellows we will explore the consequences of this fact.

You may have drawn a mental line from the laser to the detector, but there is a reason there is no line in Figure 1. At this stage we do not know what is happening between
the laser and the detector; we need to be very careful not to make any assumptions about what happens that does not have an operational meaning in terms of light
sources and detectors. You may say, “But | can see the light between the laser and the detector if | blow chalk dust in the beam”, and you would be right. However, the
chalk dust and your eye would then become a second detection system that we do not wish to consider at this stage. Having said this, it is customary to interpret the
current pulses as small “light packets” travelling from the laser to the detector, shown in Figure 2. These chunks of electromagnetic energy are commonly called photons.

At this stage, then, photons are defined as the cause of the pulses on the ammeter; it is important to remember that we do not really know anything else about these

photons. In particular, we should not assume that they behave like objects such as marbles or snooker balls. We need to do more experiments to establish how thi
behave.
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current in the detector. At first, this is indeed how the system behaves. However, it is an experimental Tact that for very low intensities the current is no longer a continuous
steady current, but rather comes in pronounced pulses.

F\

detector

Figure 2: Experiment 2.

This is the first counterintuitive quantum mechanical result. In what follows we will explore the consequences of this fact.

You may have drawn a mental line Trom the laser to the detector, but there is a reason there is no line in Figure 1. At this stage we do not know what is happening betweg
the laser and the detector; we need to be very careful not to make any assumptions about what happens that does not have an operational meaning in terms of light
sources and detectors. You may say, "But | can see the light between the laser and the detector if | blow chalk dust in the beam”, and you would be right. However, the
chalk dust and your eye would then become a second detection system that we do not wish to consider at this stage. Having said this, it is customary to interpret the
current pulses as small “light packets” travelling from the laser to the detector, shown in Figure 2. These chunks of electromagnetic energy are commonly called photons.

At this stage, then, photons are defined as the cause of the pulses on the ammeter; it is important to remember that we do not really know anything else about these

photens. In particular, we should not assume that they behave like objects such as marbles or snooker balls. We need to do more experiments to establish how they
behave.
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Next, we reduce the power of the laser by switching the setting to “low”. We expect that continuously lowering the power
output of the laser will continuously decrease the current in the detector. At first, this is indeed how the system behaves.
However, it is an experimental fact that for very low intensities the current is no longer a continuous steady current, but
rather comes in pronounced pulses.

—

detector

Figure 2: Experiment 2.

I:I How do we describe the action ofa beamsplitter

I:l Can a photon be divided into parts?

I:I How can particles interfere

[ which path does a photon take?

I:I How do classical concepts break down?

I:I How do we describe the general state of a photon?

I:I How do we deseribe the superposition ofstates

I:I Why do we need complex numibers in guantum physics?

This is the first counterintuitive quantum mechanical result. In what follows we will explore the consequences of this fact.

You may have drawn a mental line from the laser to the detector, but there is a reason there is no line in Figure 1. At this
stage we do not know what is happening between the laser and the detector; we need to be very careful not to make
any assumptions about what happens that does not have an operational meaning in terms of light sources and
detectors. You may say, “But | can see the light between the laser and the detector if | blow chalk dust in the beam”, and
you would be right. However, the chalk dust and your eye would then become a second detection system that we do not
wish to consider at this stage. Having said this, it is customary to interpret the current pulses as small “light packets”
travelling from the laser to the detector, shown in Figure 2. These chunks of electromagnetic energy are commonly called
photons.

At this stage, then, photons are defined as the cause of the pulses on the ammeter; it is important to remember that we

do not really know anything else about these photons. In particular, we should not assume that they behave like objects
such as marbles or snooker balls. We need to do more experiments to establish how they behave.
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I:I Whatis state space

I:l Whatis the point of Dirac notation?

I:I How do we calculate probabilities

I:I Whatis an expectation value?

I:l How does a gravitational interferometer work?

[ ] whydo we attribute spin to the electron?

I:I Howis the electron spin state represented in quantum

mechanics?

I:l What is the magnitude ofthe electron spin?

I:I Whatis being measured in a Stern Gerlach
experiment?
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The software keeps a private record of each student’s progress
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How can particles interfere?

The simulation Interferometer experiments with photons, particles and waves shows an interferometer similar to the one in the text. Note that the interferometers differ in
orientation but the essential physics is the same.

We have seen (Can a photon be divided Into parts?) that light is made up of photons that have particle-like properties. But we also know that light exhibits interference
that is wave-like. How can we describe the interference of light in terms of particles? To answer this guestion, we do another experiment.

We replace the detectors in our previous experiment (Can a photon be divided Into parts?) with mirrors and recombine the two beams using a second beam splitter. The
outgoing beams of this second beam splitter are again monitored by detectors. The setup is shown in Figure 1.

D1
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Figure 1: Experiment 5.
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We have seen (Can a photon be divided Into parts?) that ligQt is made up of photons that have particle-like properties. But we also know that light exhibits interference
that is wave-like. How can we describe the interferenceor light in terms of particles? To answer this guestion, we do another experiment.

photon be divided Into parts?) with mirrors and recombine the two beams using a second beam splitter. The
outgoing beams of this second beam splitter are again monitored by detectors. The setup is shown in Figure 1.
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Figure 1: Experiment 5.
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We have seen (Can a photon be divided into parts?) that light is made up of photons that have
particle-like properties. Bulp” Jalso know that light exhibits interference that is wave-like. How

can we describe the interf e of light in terms of particles? To answer this question, we do
another experiment.

Articles are hyperlinked

1OP Institute of Physics
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How can particles interfere?

The simulation Interferometer experiments with photons, particles and waves shows an interferometer similar to the one in the text. Note that the interferometers differ in
orientation but the essential physics is the same.

We have seen (Can a photon be divided Into parts?) that light is made up of photons that have particle-like properties. But we also know that light exhibits interference
that is wave-like. How can we describe the interference of light in terms of particles? To answer this guestion, we do another experiment.

We replace the detectors in our previous experiment (Can a photon be divided Into parts?) with mirrors and recombine the two beams using a second beam splitter. The
outgoing beams of this second beam splitter are again monitored by detectors. The setup is shown in Figure 1.
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PRE-REMD |8 KFKILRBLE
FOR THIE BATIGLE

[ watis tae Coprmghagnim s msa?

How can particles interfere? T

The simulation Interferometer experiments w in profons, parficles and waves shows an intarferomater similar to the ona in the text. Note that the interferometers differ in orientation but the D

essantial physics is the same. |:|
We have seen (Cana phobon be divided Info paris?) that light is made up of photons that have particle-like properties. But we also know that light exhibits interfarence that is wave-like. How can -
wi describe the interferance of light in terms of particles? To answer this quastion, we do another exparimant. [ ] Comapha smbe iidedims part?

We replace the detectors in our previous experimant (Cana pholon be divided Info parls?) with mirrors and recombing the two beams using a second beam splitter. The outgoing beams of this

sacond beam splitter are again monitored by detectors. The satup is shown in Figure 1. [ mewiste
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Figure 1: Experiment 5.
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‘We sat up the experimant with the lengths of the two paths between the beam splitte rs such that the wave following the upper path that is reflected from beam splitter BS2 has a phase that is
exactly the same phase as the transmitted wave entering BS2 on the lower path. Butthe phase of the wave on the lower path reflected from BS2 is exactly opposite to that of the transmitted
wave antering BS2 on the upper path. (How the beam splitiers are arranged to achieve this is explainad in Howdo we describe ha ac lon of 2 beam spll fier). The device in Figure 1is called a Mach-
Zehnder Inferferomedes.

‘We now reduce the power of the laser again all the way down to the single photon level [setting *low”). The currentin detector D1 decreases until only single current pulses appear. Detector
D2 stays silent. This is consistent with Expariment 4 jcan a phofon be divided Info parls? ), where the classical signal also reduces to pulsas in the currant. What is the problam?

In winatis a phofon and Can a pooton be divided Info parfs? we see that photons are particles thatare randomly either reflacted or transmitted at the beam splitter. How can a single particle cause
interference such that detector D2 remains dark?

Ak whic h initially splits & bem of lght and, heing
reflec e the split beem s through = parie st ptiweys,
‘We have establishad that photons are indivisible, so the explanation cannot be that the photon splits into two smaller parts at the first beam splitter and recombines at the second beam recom bines them 1o eem ine any phess difier=nce
splitter to always trigger detector DL If the photon does not split itse|f between the two paths, a natural question to ask is: which of the two paths between the two beam splitters does the bertiven the bemms and the resulting imerknence patiern
photon take, the top or the bottom? To answer this, we need to modify our expariment (see Whieh pain does a phofon Eke?). ‘thert mepy henve b essiesblished. Typically em ploys a light
soune fofien a keser), a pir of beam spliters, a pairof
mirrars and an approprise st of dekeciors.
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Interferometer experiments with photons, particles and waves
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We set up the experiment with the lengths of the two paths between the beam splitters
such that the wave following the upper path that is reflected from beam splitter BSZ has
a that is exactly the same phase as the transmitted wave entering BS2 on the
lower path. But the phase of the wave on the lower path reflected from BSZ2 is exactly

opposite to that of the transmitted wave entering BS2 on the upper path. (How the
beam splitters are arranged to achieve this is explained in How de we describethe action of a
beam splitter). The device in Figure 1 is called a

There is an extensive hyperlinked glossary of terms

1OP Institute of Physics



GLOSSARY

absorption lines

beam splitter

gravitational waves

Mach -Zehnder interferometer

A cevice which initially splits a b=am of light and,
having reflected the split bzams through separate test
pathways, recombines them to examine any phase
difference b=twesn the b=ams and the resulting

interference pattern that may have been established.

Typically employs a light source (often a laser), a pair of

beam splitters, a pair of mirrors and an appropriate set

of detectors.

1OP Institute of Physics



ARTICLE

How can particlesinterfere

GLOSSARY

Mach -Zehnder interferome ter

phase

SIMULATIONS

Interferometer experiments with photons,

particles and waves

SIMULATION PROBLEMS

Interferometer experiments with photons,

particles and waves - Problems




Simulation Step-by-step Exploration
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Interferometer experiments with photons, particles and waves
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For these problems, use the simulation
“Interferometer experiments with photons,
particles and waves”.

Have a play with the simulation for a few minutes, getting to understand the controls and displays. Note
down five things that you have found out.

2. Consider the case with just a single beamsplitter present in the experiment.

Compare the experimental results for classical particles with those for electromagnetic waves. List
ways in which the results are similar and different. Explain the differences you find in terms of how
each behaves when passing through the experimental apparatus.

Compare the experimental results for single photons with those for classical particles and for

classical particles, and how are they similar to electromagnetic waves?

3. Now consider the case with two beam splitters inserted into the experimental setup, but with zero phase
shift in the lower path.

Compare the experimental results for classical particles and for electromagnetic waves. List ways in
which the results are similar and different. Explain the differences between the two in terms of how
each behaves after encountering the second beamsplitter.

Compare the experimental results for single photons with those for classical particles and for
electromagnetic waves. With two beam splitters present (and no phase shift), how are single photons
similar to classical particles, and how are they similar to electromagnetic waves?

4 MNow consider the case with two beam splitters present in the experimental setup, and a non-zero phase
shift in the lower path.

As the magnitude of the phase shift in the lower path is varied, how do the experimental results for
single photons and electromagnetic waves compare?

|s the behaviour of a single photon at the first beamsplitter changed by the presence of a second
beamsplitter? Does its behaviour at the first beamsplitter depend on whether or not there is a non-
zero phase shift in the lower path?

1OP Institute of Physics
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Mach -Zehnder interferometer
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SIMULATIONS
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SIMLILATION PROBLEMS

[ | wnich path doesa photon take?
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l:l How do we describe the general state ofa photon?

l:l How do we describe the superposition of states

l:‘ Whydo we need comple X numbers In guan tum physics?

l:‘ Whatisstate space

l:l Whatis the point of Diracnotation?

l:l How do we calculate probabilities

l:l What isan expectation value?

l:‘ How does a gravitational interferometer work?




For these problems, use the simulation
“Interferometer experiments with
photons, particles and waves”.

1. Have a play with the simulation for a few minutes, getting to understand the controls and
displays. Note down five things that you have found out.

2. Consider the case with just a single beamsplitter present in the experiment.

1. Compare the experimental results for classical particles with those for
electromagnetic waves. List ways in which the results are similar and different.
Explain the differences you find in terms of how each behaves when passing through
the experimental apparatus.

2. Compare the experimental results for single photons with those for classical
particles and for electromagnetic waves. With just a single beam splitter present,
how are single photons similar to classical particles, and how are they similar to
electromagnetic waves?
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For these problems, use the simulation
“Interferometer experiments with photons,
particles and waves”.

Have a play with the simulation for a few minutes, getting to understand the controls and displays. Note
down five things that you have found out.

2. Consider the case with just a single beamsplitter present in the experiment.

Compare the experimental results for classical particles with those for electromagnetic waves. List
ways in which the results are similar and different. Explain the differences you find in terms of how
each behaves when passing through the experimental apparatus.

Compare the experimental results for single photons with those for classical particles and for
electromagnetic waves. With just a single beam splitter present, how are single photons similar to
classical particles, and how are they similar to electromagnetic waves?

3. Now consider the case with two beam splitters inserted into the experimental setup, but with zero phase
shift in the lower path.

Compare the experimental results for classical particles and for electromagnetic waves. List ways in
which the results are similar and different. Explain the differences between the two in terms of how
each behaves after encountering the second beamsplitter.

Compare the experimental results for single photons with those for classical particles and for
electromagnetic waves. With two beam splitters present (and no phase shift), how are single photons
similar to classical particles, and how are they similar to electromagnetic waves?

4. Now consider the case with two beam splitters present in the experimental setup, and a non-zero phase
shift in the lower path.

As the magnitude of the phase shift in the lower path is varied, how do the experimental results for
single photons and electromagnetic waves compare?

Is the behaviour of a single photon at the first beamsplitter changed by the presence of a second
beamsplitter? Does its behaviour at the first beamsplitter depend on whether or not there is a non-
zero phase shift in the lower path?

1OP Institute of Physics
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ARTICLE

l:‘ How can particles interfere

GLOSSARY

Mach -Zehnder interferometer

phase
SIMULATIONS

. Interferometer e xperiments with photons,

particles and waves
SIMULATION PROBLEMS

|:| Interferometer experiments with photons,
particles and waves - Problems

l:‘ Which path does a photon take?

l:‘ How do dlassical concepts break down?

l:‘ How do we describe the general state ofa phioton?
l:‘ How do we deseribe the superposition ofstates

l:‘ Whydo we need complex numbers in quantum physics?
l:‘ What is state space

l:‘ What is the point of Dirac notation?

D How do we calculate probabilities

l:‘ Whatisan expectation value 7

l:‘ Howdoes a gravitational interferometer work?




How can particles interfere

Mach -Zehnder interferome ter
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ARTICLE

How can particles interfere

GLOSSARY

Mach -Zehnder interferometer
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Bohr

ARTICLES

Whatis the Bohr model of atomic structure

Whatis the Copenghagen interpretation?

How do we find out the energystate ofan atom?
How do we calculate energiesin the Bohr model?

Howis guantum spookiness confirmed? -Bell's

theorem

GLOSSARY

Bohr model
Bohr radius

Copenhagen interpretation
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We encourage use of all content outside of the site, but ask

that a link back to this site is included. These materials are
distributed under




Yes, alist of all articles, simulations and problems is available

from




We can provide worked solutions to all problems within the site
to course tutors - please contact us at
quantumphysics@iop.org using your institutional email
address, and we can send a pdf containing a full set of

problems and their solutions.




We intend to develop this resource further, so if you have
suggestions for new articles or simulations, please contact us

at




QUANTUMPHYSICS.I0P.0RG

Free teaching resources from
the Institute of Physics



