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I. INTRODUCTION

Historically, the teaching of quantum mechanics has
been reserved for advanced undergraduate physics courses,
mostly due to how far removed from classical intuition the
subject is. Extensive mathematical background is usually
a prerequisite for college level introductory quantum me-
chanics courses!™. However, several ways to introduce
quantum mechanics at the secondary school level have been
suggested and developed*’. Unlike most other topics in
physics, it is difficult to find intuitive examples of quan-
tum phenomena outside of a specialized laboratory; addi-
tionally, straightforward hands-on demonstrations, activi-
ties, and experiments are somewhat limited®!3.

There has been an increased interest in the develop-
ment of Quantum Information Science (QIS); this field
uses quantum mechanics to store, transmit, manipulate, and
measure information. QIS is likely to impact society sig-
nificantly. To aid the development of QIS it is important to
introduce concepts, applications, and relevance to society of
QIS at the middle and high school levels. Introducing QIS
at these levels provides a larger pool of students the oppor-
tunity to learn about this field. With this goal in mind it
is necessary to develop further resources at the middle and
high school levels'4-10.

In this article we introduce two hands-on exhibits that
were designed and constructed at the Lederman Science
Center at Fermilab. These exhibits have the goal of intro-
ducing, explaining, and reinforcing the concepts of quan-
tum entanglement and quantum superposition in a visual
and intuitive manner. Both exhibits are portable and can
be used by students to observe a direct analogy with quan-
tum mechanical behavior. We explain the design, theoreti-
cal background, and how to use these exhibits in the follow-
ing sections.

Il. THEORETICAL BACKGROUND

Consider a physical system of a particle with two possible
states |0) and |1), the general state of this system can be
written as

W) = al0)+B1), (M

where o and 3 are complex numbers such that |a|? +
|B|? = 1, the squared magnitudes of o and 3 represent the
probability of observing the |0) or |1) state respectively af-
ter making a measurement on the system with state |¥). We
say that the state |¥) is a superposition of the basis states

1)

FIG. 1. A Visualization of the possible states for a two level
quantum system using a Bloch sphere. Quantum mechanical
states lie on the surface of the sphere and are determined by
the two angles 6 and ¢ of spherical coordinates. The basis
states are located at the poles. (License notice: Smite-Meister
(https://commons.wikimedia.org/wiki/File:Bloch_sphere.svg),
~Bloch  sphere®, https://creativecommons.org/licenses/by-
sa/3.0/legalcode)

|0) and |1). In general there exist infinitely many superpo-
sition states, each with its own unique probability of being
observed after a measurement is performed on the system!”.

This superposition of two states can be visualized using a
Bloch sphere!®-20. We can rewrite the coefficients « and 8
in spherical coordinates, using the constraint ||> +|B|*> = 1
the general state of the system can be written as

6 . 0
|P) =cos§|0)+e’¢ sin - [1), 2)

where the angles 6 and ¢ are restricted as such0 < 6 <,
0 < ¢ <2m. Using these coordinates any general quantum
state |¥) can be visualized as a point on the surface of a
3-dimensional unit sphere, see Figure 1. The basis states
|0), |1) are visualized as the north and south pole respec-
tively, where the angle 6 is the latitude and the angle ¢ is
the longitude, in direct analogy with the geographic coordi-
nate system.

Entanglement occurs when two or more particles become
connected in such a way that their quantum states are fully
correlated. This means that if a certain property (such as
spin or polarization) of one of the particles is measured, we
have complete knowledge of that property for the other par-




Can You Measure a Qubit?

Classical computers use sequences of Os and 1s, called bits, to store and analyze data. If a bitis tumed off, it represents a 0. If a bit is tumed on,
it represents a 1. Quantum computers use quantum bits or qubits. Qubits are quantum systems that can be in superposition of two basic states:
10> and I1>. Any superposition of these two states creates a new quantum state, which, when measured, has a probability oﬂsmu TR
Because of this property, qubits can process much larger amounts of data, since every different superposition corresponds to a ce of
formia0onAs an anaicsy ik about assioa it ue & ot swic which ca b afher o or o, arc never ba sorasting  baasn s
function more like a dimmer switch — ts extremes are 0 and 1, but it can also be something in between. To visualize all possible qubit states,
scientists use a sphere, called a Bloch sphere. The points on the surface of the sphere represent a qubits quantum states, with some degree of
superposition between 10> and [1>, and probabilties for possible measurement outcomes. The north and south poles of the Bloch sphere.
correspond to the two basic states [0> and [1>, represented by blue and red colors in this exhibit.

superposition with different ‘measurement
outcome probabilities.
Touch different spots in the quantum state,
and find out how

and red outcol

2
g
g
:
g
L |

FIG. 2. Front view of the exhibit "Can You Measure a Qubit?".

ticle; therefore entanglement allows us to obtain informa-
tion about both particles that make up the entangled system
by only measuring one of them. When particles become
entangled this correlation endures even when they are sepa-
rated a large distance?!.

We also define partial entanglement, which occurs when
the states of the entangled particles are only partially cor-
related. This means that measuring the state of one of the
particles has only a certain probability of providing infor-
mation about the state of the other particle. This probability
increases as the particles become more strongly entangled.
Therefore, in partially entangled systems we can not pre-
dict singular experimental outcomes, but we can do several
measurements to find how strongly correlated the particles
are. It is worth noting that the concept of entanglement can
be difficult to understand for first time learners, it is impor-
tant to consider how learners conceptualize entanglement
when designing activities with the objective of teaching this
concept?>?3,

Ill. 1ST EXHIBIT: CAN YOU MEASURE A QUBIT?

The exhibit is built into a 46 cm x 36 cm x 16 cm silver
suitcase. It comes with a power cord and requires electricity
to function, it consists of a plastic purple semi-sphere with
37 touch sensors, one switch, and a probability bar with 12
LED lights. Internally the exhibit contains a power supply,
an electronics board, a raspberry Pi, a monitor, and the nec-
essary wiring. See Figures 2 and 3. A list of the materials
used to build this exhibit and additional information about
the exhibits is on the Supplementary Material’*. Detailed
information on how this exhibit was constructed is available
on request from the authors.

The main goal of the exhibit is to introduce and explain
the concepts of superposition and measurement, and the use
of the Bloch sphere as a convenient way to visualize sin-
gle qubit states. Each sensor corresponds to a qubit with
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FIG. 3. Internal view of the exhibit "Can You Measure a Qubit?".

some superposition state |P). After pressing one of the
sensors, the probability bar to the right of the semi-sphere
will showcase the probabilities for the outcomes of mea-
suring the state corresponding to that sensor. For example,
for a state with o = B = 1//2 the probability bar will show
equal amounts of red and blue lights (both states are equally
likely). As the measured state moves away from the center
of the sphere the probability bar will show different ratios
of red and blue. For states located at the south/north pole of
the semi-sphere the probability bar will be entirely red/blue.

The exhibit’s center switch has "Classical" and "Quan-
tum" settings. In the "Classical" setting, only the touch
sensors located at the poles will function; this is because
a classical bit exhibits no superposition, so the only states
possible are 0 and 1. The only possible outcomes will be a
fully blue or a fully red probability bar. In the "Quantum"
setting all touch sensors will be functional and the probabil-
ity bar will be purple, representing qubits in superposition
with different measurement outcome probabilities. Once a
sensor is pressed the probability bar will show the probabil-
ities for either outcome for a quantum state located at the
pressed sensor.

Note that this exhibit does not measure the qubit, it only
shows the probabilities for the possible outcomes of a mea-
surement.

A. Use in the Classroom

The following activity is targeted for middle school and
high school students. As explained above this exhibit can be
used to explain the concepts of quantum superposition and
measurement via a Bloch sphere visualization. In addition,
this exhibit can also be used to showcase the statistical na-
ture of quantum mechanical phenomena. It is recommended
to break students into groups of 4-5 students for this activ-
ity. It is recommended that these activities are done as part
of larger teaching unit focused on quantum physics>7-1415,
as a way to introduce or reinforce concepts taught in class.

Initially, each group is asked if they have heard the term
"quantum superposition”" previously, and if yes, to give a
personal definition of it and if they have any examples of



this phenomena. Afterwards, provide students with a more
precise definition for quantum superposition, emphasizing
how this behavior is only possible in quantum mechanics.

Proceed to present the exhibit: how each sensor repre-
sents a qubit in a superposition state, and how to read the
probability bar. Explain the concepts of the Bloch sphere
and how it can be used to represent qubits. Since these
quantum states are restricted to lie on the surface of the
Bloch sphere, a direct analogy with the geographical co-
ordinate system can be made to help introduce the Bloch
sphere to students.

With the exhibit in the "Classical" setting, give each
group 1 minute to write down their prediction of which sen-
sors will function and what the result of pressing the func-
tional sensors will be. Emphasize that in this "Classical”
setting there is no superposition, so our bit can only be lo-
cated at either pole. Afterwards let each group use the ex-
hibit and have them compare their prediction with the ob-
served results.

Afterwards place the exhibit in the "Quantum" setting,
and give each group 1 minute to write down their predic-
tions. Emphasize that in this "Quantum" setting there is
superposition so our qubit state can be anywhere on the sur-
face of the sphere. Have students come and use the exhibit
themselves and explain that for quantum states we have two
possible outcomes, each with its own unique probability,
and until a measurement is performed we have no way of
knowing exactly which outcome will appear - only how
likely they are.

Have each group compare and contrast their predictions
with their observations from using the exhibit. Some use-
ful guiding questions are: "What is the main difference be-
tween the "Classical" and "Quantum" settings?", "For the
"Quantum" case, how do the probabilities change as we
move from the equator of the Bloch sphere towards one of
the poles?"”, "What do states with the same longitude have
in common?". Finally, ask each group to give a short ex-
planation of what they observed and how it relates to the
concepts discussed at the beginning of the session.

A possible extension for high school students is for them
to use the results shown on the probability bar to numer-
ically calculate the coefficients o and 8 for the quantum
state |¥) at each latitude 6, with fixed altitude ¢ = 0. The
numerical probability is obtained by taking the number of
LEDs in the probability bar of the same color and dividing
it by 12 (the total amount of LEDs in the probability bar).
The probability for the other state can be found by using the
relation that the sum of both probabilities must add to 1. Fi-
nally the coefficients o and 3 are found by taking the square
root of each probability. See Table I for the probabilities at
each latitude in the case ¢ = 0.

Once the students have calculated the probabilities, ask
them if they can see any patterns in how the probabilities
are distributed along the Bloch sphere.And if they can write
out the quantum state |¥) for each value of the latitude 6
(remember that |¥) = a|0) + |1)). See Table II for the
expressions of quantum states at each latitude in the case

¢ =0.

. Probability of | Probability of
Latitude () 10) (blue)y 1) (red) y B
0 degrees 1 0 1 0
24 degrees |5/6 1/6 5/6|4/1/6
35.2 degrees |2/3 1/3 2/3|1\/3
45 degrees [ 1/2 172 V2 (12
54.7 degrees | 1/3 213 13 [\/2/3
65.9 degrees | 1/6 5/6 1/7/6 |/5/6
90 degrees |0 1 0 1

TABLE 1. Values of each probability and the coefficients of the
quantum state |¥) for the values of 6 available in the exhibit.
These values are for the case ¢ = 0.

Latitude (0) | |¥)

0 degrees |0)

24 degrees 210) + % 1)
35.2 degrees % |0) + % 1)
45 degrees % |0) + % 1)

L 2

54.7 degrees 75 |0) + \/:‘U
65.9 degrees ﬁ |0) + \/gm
90 degrees ||1)

TABLE II. Expressions for the quantum state |¥) for the values
of O available in the exhibit. These expressions are for the case

¢ =0.

Some further questions are: "Do the probabilities change
for different values of ¢?", "Due to space the exhibit only
contains certain angles, what do you expect the probabilities
to be at an angle of 45 degrees north? 75 degrees south?".
These calculations and discussions help teach how to inter-
pret superposition states in quantum mechanics and using
probabilities and statistics to understand simple quantum
systems.

The session can be concluded by a brief presentation and
discussion on the topics of superposition, quantum states,
and probability.

IV. 2ND EXHIBIT: WHAT IS QUANTUM
ENTANGLEMENT?

The exhibit is built into a 46 cm x 36 cm x 16 cm silver
suitcase. It comes with a power cord and requires electric-
ity to function. It consists of 2 light bulbs, 2 touch sen-
sors, and a switch (see Figure 2). Internally the exhibit con-
tains a power supply, an electronics board, a raspberry Pi,
a monitor, and the necessary wiring. See Figures 4 and 5.
A list of the materials used to build this exhibit and addi-
tional information about the exhibits is on the Supplemen-
tary Material’*. Detailed information on how this exhibit
was constructed is available on request from the authors.

The main goal of the exhibit is to introduce and explain
the concept of quantum entanglement via a hands-on activ-
ity. Each light bulb represents a particle that has two basis



What is Quantum Entanglement?

Sometimes, two (or more) particles become connected and start behaving as one system — they seem to know each other's state no matter how
separated they are. However, no information is communicated between these two particles. This phenomenon is known as quantum
entanglement. When there s full entanglement between two particles, if you measure a certain property of one particle, you will know exactly
what the value of that pyuperty is for the other particle; scientists refer to these two particles as being correlated. With partial entanglement, two
particles are entangled in such a way that measuring a property of ane of them will only sometimes give you information about the other particle
“This means that you can't predict single experimental outcomes, but you can find the likelihood of them being correlated. Partial entanglement
happens because of limitations in current entanglement experiments. No entanglement means that a measurement on one end tells you nothing
atall about what will be observed at the other end; this results in zero correlation between the two particles.

Activity directions

Light bulbs represent particles. The purple color represents an unknown state, which is a mix (or superposition) of all possible states. The blue and
red colors represent the 2 possible states that will be revealed after a measurement. When the measurement is done, particles land in one of the 2.
possible states. Depending on the degree of their entanglement the outcomes may or may not be correlated.

+  Choose the degree of entanglement.
*  Measure one particle and observe what happens to
= Wait until both bulbs are purple again, repeat the ex

Push this button to Push this button to
measure particle A. measure particle B.

FIG. 4. Front view of the exhibit "What is Quantum Entangle-
ment?".
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FIG. 5. Internal view of the exhibit "What is Quantum Entangle-
ment?".

states, where the two different states are represented as dif-
ferent colors, and the |0) and |1) states are represented as
the light bulb shining red and blue respectively. A purple
light is used to visually represent the general superposition
state |¥).

Each touch sensor corresponds to making a direct mea-
surement on its respective particle. The corresponding light
bulb will turn red or blue to signal that a measurement has
occurred. An analogy can be made between the color of the
light bulbs and spin states of subatomic particles; a red/blue
light bulb is interpreted as the particle having its spin point-
ing up/down at the time of measurement. After a measure-
ment is performed, both light bulbs will return to purple
after three seconds. The center switch has three different
settings: partial entanglement, no entanglement, and full
entanglement.

Once a setting is chosen and the exhibit is turned on, both
light bulbs will be purple until one of the touch sensors is
pressed. In the partial entanglement setting the measured
particle will turn red/blue, while the other particle will have
a 50% probability to stay purple (no correlation), and 50%
chance to to turn blue/red (the particles are correlated).

In the no entanglement setting the measured particle will
turn red/blue, while the other particle will remain purple
100% of the time. This shows that there is zero correlation
between the particles.

In the full entanglement setting the measured particle
will turn red/blue, while the other particle will turn blue/red
100% of the time. This shows that there is full correlation
between the particles.

A. Use in the Classroom

As explained above this exhibit can be used to explain
the concept of quantum entanglement between two parti-
cles. With additional instruction this exhibit can also be
used to showcase the statistical nature of quantum mechan-
ical phenomena. The following activities are targeted for
middle school and high school students. It is recommended
to break students into groups of 4-5 students for this activ-
ity. It is recommended that these activities are done as part
of larger teaching unit focused on quantum physics>7>1%15,
as a way to introduce or reinforce concepts taught in class.

Initially, each group is asked if they have heard the term
"quantum entanglement" previously, and if yes, to give a
personal definition of it and if they have any examples of
this phenomena. Afterwards, provide all students with a
more precise definition for quantum entanglement, making
sure to also define the full, partial, and no entanglement
cases. Ensure that each group has written down these def-
initions and understands the differences between all three
cases.

Proceed to present the exhibit, explain how the light bulbs
represent particles, and what each color means. With the
exhibit in the "None" setting, give each group 1 minute to
write down their prediction of what will happen once one
of the particles is measured (the touch sensor is pressed).
Once all groups have their prediction provide them with a
table as shown on Table IIIl. On the second column they
will write down which particle was measured (A or B). And
which color it became after measurement (red or blue). For
the third column they will write which particle was not mea-
sured (A or B). And which color it was after the measure-
ment of the other particle occurred (red, blue, or purple). A
completed table is included as an example.

After each group has their corresponding table proceed
to do 10 trials on the exhibit, make sure all groups write
down the result for each trial. If time allows, have students
come and perform measurements themselves. Afterwards
repeat the above steps for the "Partial" and "Full" settings.
Compare and contrast the predictions from each group with
their observations for the trials. Some useful guiding ques-
tions are: "Is measuring particle A different from measuring
particle B?", "In what setting did you always get the same
result for the non-measured particle?", "Could you use your
measurement results to find out which setting the exhibit is
on?". Finally, each group is asked to give a short explana-
tion of their measurements and how they line up with the
concepts discussed at the start of the session.



Trial # Mea_sured Non_—measured Trial # Megsured Noq—measured
Particle | particle Particle |particle

1 1 A,Red |B, Purple

2 2 B, Blue |A, Red

3 3 A,Red |B, Blue

4 4 B, Red A, Purple

5 5 A, Blue |B, Red

6 6 A,Red |B, Purple

7 7 B, Blue |A, Red

8 8 A,Red |B, Blue

9 9 B, Red A, Purple

10 10 A, Blue |B,Red

TABLE III. Left: table for classroom activity, students will per-
form 10 trials on each exhibit setting and record the results of both
particles on this table. Right: a example of a filled out data table
for the "Partial” setting.

Explain why it is important to run several trials, empha-
sizing that quantum mechanics is probabilistic in nature, so
in real experiments measurements must be performed hun-
dreds or thousands of times. If time allows, perform another
set of trials on each setting. Have students analyze if the re-
sults of this second set of trials is consistent with the first
set of trials.

For high school students, this second set of trials can be
done while hiding which setting the exhibit is on, and ask-
ing each group how many measurements do they think they
need to determine the setting. An useful guiding question
for this part could be: "Is the amount of measurements the
same for every setting? Why or why not?".

The "Partial" setting is unique in that the non-measured
particle has a 50% probability of not changing color when
a measurement is performed. Another possible extension
for high school students can be to have each group do sev-
eral measurements on the "Partial" setting, collect data to
try figure out what is the probability that the non-measured
particle changes color. This helps showcase the probabilis-
tic nature of quantum mechanics, and the importance of do-
ing several trials in scientific experiments.

The session can be concluded with a short assessment to
test student understanding: provide each group with a pre-
viously filled out data table, and ask them to analyze the
table to figure out which exhibit setting it corresponds to.
In this activity we emphasized the concepts of quantum su-
perposition, state change under measurement, probability,
statistics, and quantum entanglement.

V. AUDIENCE RESPONSE

Both exhibits were tested at public science outreach
events with non-scientist audiences ranging in age from
preschoolers to adults, we present a brief summary of the
responses from the audience at these events.

A. Can You Measure a Qubit?

It was challenging to explain to younger children the con-
cept of a Bloch sphere, so we let them play with it like a
toy and experiment with different modes. They were able
to notice and describe the difference between the “classi-
cal mode” (when only 2 points are sensitive) and “quantum
mode” (when the whole surface becomes sensitive). We
made an analogy between classical bits being like a light
switch that can be either “on” or “off”; while qubits are
more like dimmer that can be “on”, “off” and anything in
between.

Adults were more interested in “latitude probabilities”.
They noticed that there was 50/50 chance to end-up with
red or blue state on the “Equator”. They also noticed the
measurement outcomes were same on the same latitudes. In
general, both adults and children found the concept difficult
to comprehend but they had fun with the exhibit and learned
how regular bits differ from qubits.

B. What is Quantum Entanglement?

Most of the audience had never heard about the concept
of quantum entanglement, so we used analogies to explain
it. We made an analogy between entangled particles and
twins. We asked them to imagine twins sleeping in different
rooms that are separated by long distance. You wake up one
twin and the other wakes up immediately, even though no
one interacts with the other twin. To make this “spookier”,
every time one twin wakes up on the left side, the other
wakes up on the right side. No matter how many times you
repeat this experiment, the pattern remains the same.

We let children to play with the exhibit and see the pat-
terns. They thought, the twin’s analogy worked well for
“full entanglement”, however when they switched to the
“partial entanglement”, they realized that the twins were
not always waking up on the opposite sides. They asked
questions like “is this because they are not “entangled” any-
more?”. We explained that this could be because we (as ob-
servers) are not able to measure their wake-up time/position
precisely (e.g., our measurement devices are not perfect),
or they are not entangled anymore. When they switched to
the “no entanglement” mode and experimented with it, they
concluded that the two were not twins, or they had com-
pletely lost their “entanglement”.

As for the adult audiences, depending on their back-
ground, we sometimes used the same “twins’ analogy” to
introduce the concept, and sometimes just let people ex-
plore the exhibit, experiment, collect data, and find patterns.
In general, people were curious about the concepts, they en-
joyed playing with the exhibit, observing correlations, and
coming up with their own analogies.



VI. CONCLUSIONS

The hands-on exhibits and activities presented here can
be used to illustrate some of the more fundamental concepts
in quantum mechanics to middle and high school students
in a direct and engaging way.

We described extensions that allow for a more in-depth
learning experience for more advanced high school stu-
dents, these activities and exhibits should allow students to
gain a better understanding of some of the more counter-
intuitive concepts in quantum mechanics such as superposi-
tion and entanglement.
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