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Instructional Guidance for Standard 1:
Interactions, Models, and Scales

1.1 Interactions, Systems, and Scale  (5-8)
1.2 Interactions and Properties  (5-8)
1.3 Interactions and Atomic and

Subatomic Models  (5-8 and 9-12)
1.4 Interactions and Objects Moving Very

Fast  (9-12)

Instructional Guidance for Standard 2:
Conservation Principles

2.1 Conservation of Mass, Energy, and Charge
(5-8 and 9-12)

2.2 Conservation of Linear Momentum (9-12)
2.3 Nuclear Interactions and the Conservation

of Mass-Energy (9-12)

Instructional Guidance for Standard 3:
Newton’s Laws of Motion

3.1 Constant and Changing Linear Motions
(5-8 and 9-12)

3.2 Forces and Changes in Motion
(5-8 and 9-12)

3.3 Contact Interactions and Forces
(5-8 and 9-12)

3.4 Gravitational Interactions and Forces (5-8
and 9-12)

3.5 Magnetic and Electrical Interactions and
Forces  (5-8 and 9-12)

Instructional Guidance for Standard 4:
Energy Transfer and Storage

4.1 Contact Interactions and Energy
(5-8 and 9-12)

4.2 Electric Circuit Interactions and Energy
(5-8 and 9-12)

4.3 Mechanical Wave Interactions and Energy
(5-8 and 9-12)

4.4 Radiant Energy Interactions
(5-8 and 9-12)

4.5 Heating and Cooling Interactions and
Energy  (5-8 and 9-12)

Instructional Guidance for Standard 5:
Forces, Energy, and Fields

5.1 Forces and Fields (5-8 and 9-12)
5.2 Energy and Fields (5-8 and 9-12)
5.3 Electromagnetic Interactions and Fields

(5-8 and 9-12)

USING THE INSTRUCTIONAL

GUIDANCE FOR EACH STANDARD

Each standard is divided into sections, one for each objective (see
sidebar).  These sections provide minimal guidance for interpreting
the learning outcomes (LOs) and essential knowledge (EK) statements
in each objective, especially the difference in the level of intellectual
abstractness and sophistication of reasoning expected at the middle
school and high school levels.  The purpose of the Instructional
Guidance is to provide middle school, high school, and college
instructors with sufficient guidance to understand the types of events
and tasks in which students engage to meet the goals of each
objective.

Three items in each objective guide the interpretation of the LOs and
EK statements.  The first is a Table of Common Student Conceptual
Difficulties for the content of the objective.  The table also includes the
specific LOs and EK statements that most directly provide an
opportunity for teachers to address the conceptual difficulty.  The
research literature in students’ conceptual difficulties guided the
writing of the learning outcomes and essential knowledge
statements.  Consequently, the table may also facilitate
understanding some ideas in the EK statements that are not found in
most state standards.  For example, many students believe that a
force (e.g., throwing a ball) is imparted to the object that is pushed or
pulled.  Consequently, an EK statement is:

Grades 5-8.  During contact interactions, forces are not
transferred to objects (unlike energy) — the interaction stops as
soon as the objects stop touching.  [M.3.3.3]

The second item of instructional guidance is a Table of Content
Boundaries for each grade-level band.  These tables describe the
bounds and depth of knowledge for each grade-level band.  They
identify objects and phenomena appropriate for the learning
outcomes.  Any special limitations for specific learning outcomes are
also described.  In addition, the tables summarize the models and
representations expected and excluded, and the technical terms
introduced in the objective.

Finally, most objectives include some example questions or problem
situations for a few of the learning outcomes.  These example
problems are intended to facilitate the understanding of how the
essential knowledge is to be developed and used through reasoning
and in problem solving.  For the most part, the examples reflect tasks
that are typically not found in textbooks.  It should be noted that the
examples are only a few of the many questions and problem situations
that could be used to meet the goals of each objective.
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GUIDE TO USING THE INSTRUCTIONAL

GUIDANCE FOR EACH OBJECTIVE

OBJECTIVE 2.1
CONSERVATION OF MASS, ENERGY, AND CHARGE (Grades 5-8 and Grades 9-12) continued

Grades 9-12

The approach taken to the conservation of energy equation is similar to that of John Jewett (2008d)
in his article Energy and the Confused Student: A Global Approach to Energy:

“It is my position in this article that there is only one fundamental energy equation and that all
other energy equations are special cases. The fundamental equation is called the conservation of
energy equation or the continuity equation for energy, both of which can be abbreviated as CEE:

!Esystem = "T,

where T represents the amount of energy transferred (T for transfer) across the boundary of the
identified system by a given mechanism.  The general conceptual basis of the equation is this: the

only way the total energy (Esystem) of a system can change is if energy crosses the system boundary

by one or more mechanisms described by T.  The mathematical basis is this: the total change in
energy of the system during some time interval is exactly equal to the net amount of energy
crossing the system boundary.  The summation sign indicates that energy may cross the
boundary by several methods. . .” [page 210]

Table of Common Student Conceptual Difficulties

Where Addressed

Student Difficulty.  Students often believe that Essential
Knowledge

Learning
Outcome

1. All energies are the same.
a. Energies are always the same (electrical, kinetic, thermal,

etc) for all defined systems and time intervals. [Because
one form of energy can always be transformed into
another form of energy.]

b. There are no energy terms for transfer (energy in transit
from one location to another) that are different from the
energies that objects can have.

H.2.1.1
H.2.1.2
H.2.1.4

H.B.3
H.B.4
H.B.5

2. Energy is only conserved in a closed system.  When the
system is open, energy can sometimes disappear.  [Things,
like light bulbs, “use up” energy.]

H.2.1.1 H.B.2

3. There is nothing special about the conservation of energy – all
quantities are conserved in a closed system.

M.2.1.4 M.B.3

4. The conservation of energy is useless; it does not help think
about or solve problems (qualitatively or quantitatively).

H.2.1.1 H.B2

5. The conservation of mass, charge, and energy are not
fundamental principles of science.

H.2.1.6 H.B.7

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)

• Objects and events similar to Objectives 4-1 through 4.5, and Objective 5.2.  However,
situations involve multiple interactions (contact, gravitational, electrical, electric circuit,
radiant, and thermal interactions.

• H.B.2.  Methods of energy storage within a system include (See Objectives 4.1 through
4.5):

- kinetic energy - gravitational potential energy

- thermal energy - electric potential energy

- elastic energy (e.g., spring) - magnetic potential energy

Introductions describe
any approaches to the
content that are not
traditional but are
supported by cognitive
and educational research.
References are usually
included.

Table lists students’
common conceptual
difficulties with the
objective content from
physics education
research (see Research
Base for Tables of
Common Student
Conceptual Difficulties in
Appendix B).  Also listed
are the EK statements and
Los that provide the
opportunity for teachers to
address each conceptual
difficulty.

Boundaries Table lists the
objects and events that
limit the content of the
objective.  Other
boundaries for specific
LOs are also listed.

Learning Outcomes are
identified by grade level
(M for middle school, H for
high school), and the
bullet number of the
learning outcome.  For
example, H.B.3 indicates
thigh school, third bulleted
learning outcome.
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GUIDE TO USING THE INSTRUCTIONAL

GUIDANCE FOR EACH OBJECTIVE (continued)

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

Methods of energy transfer include (See Objectives 4/1 through 4/5):

- mechanical energy transfer (work) - electrical energy transfer in circuits, and

- mechanical wave energy transfer - radiant energy transfer (EM)

- thermal energy transfer (heat)

Exclusions.  two-and three-dimensional forces

REPRESENTATIONS/MODELS

• More complex analogue models can be considered for the conservation of energy: for
example, a banking account that includes savings, investments with dividends, interest
charges, etc.  See comments below for H.2.1.1.

• Symbol ! to represent “change in.”

• Mathematical model of energy conservation (!Esystem = Ein – Eout)

• Mathematical model for mass-energy equivalence: Eout = !mc2

• Energy diagram (see description below)

TECHNICAL VOCABULARY

• conservation of energy principle

H.B.2 Example Problem

Event:  A battery is connected to a switch and bulb.

(a) System of interest is the complete circuit; time interval is the tiny (unnoticeable) time after the
switch is closed and while the bulb’s brightness is increasing.  The energy change within the
system is a decrease in the chemical energy of the battery and an increase in the thermal energy
of the bulb filament (because the temperature of the bulb filament is increasing).*  There is a
transfer of radiant energy (mostly visible light and infrared) out of the system.  [Note: A heat
conduction energy transfer is much slower than a radiant energy transfer, so for this tiny time
interval, it can be ignored.]

(b) System of interest is the bulb filament; time interval is the tiny (unnoticeable) time after the
switch is closed and while the bulb’s brightness is increasing.   The energy change within the
system is an increase in the thermal energy of the bulb filament (because the temperature of the
bulb filament is increasing).*  There is a transfer of electrical energy into the bulb filament (from
the battery) and a radiant energy transfer out of the system.

(c) System of interest is the bulb filament; time interval is a few minutes while the bulb brightness is
not changing.  There is a transfer of electrical energy into the system and a transfer of radiant
energy out of the system. There is no change in energy of the filament.  (Changes in the internal
energy of the bulb filament are ignored at the high school level.)

Energy Diagrams

There are, of course, many different ways of drawing energy diagrams.  The most extensive discussion is
by Greg Swackhamer in his paper Cognitive Resources for Understanding Energy.

                   
      Some diagrams show the transfers of energy      Some diagrams show changes of stored energy

Final sections provide
some examples to
facilitate understanding of
level of intellectual
abstraction and
sophistication required for
the grade-level band.  The
examples tend to differ
from those found in
traditional textbooks.  Of
course, specific wording in
the examples is not
required.  Learning
outcomes (LOs) are
identified by grade band
and bullet number (e.g.,
M.B.2).

Representations/
Models describes the
analogue and mental
models in the objective.  It
also describes visual and
mathematical
representations of ideas,
and special mathematical
symbols introduced.

Technical Vocabulary
specifies the technical
vocabulary for the
objective, as well as any
exclusions.
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INSTRUCTIONAL GUIDANCE FOR

STANDARD 2. CONSERVATION PRINCIPLES

The interaction of one object with another object is governed by a few conservation principles.  These principles
are considered fundamental because they apply to interactions at all time and size scales and cannot be derived
from other theories.

OBJECTIVE 2.1
CONSERVATION OF MASS, ENERGY, AND CHARGE (Grades 5-8 and Grades 9-12)

Students understand that at the macro (human) and atomic time and size scales, mass and energy are conserved separately
for all types of interactions and defined systems (open or closed).  Charge is always conserved at all scales.

Students are introduced to the conservation principle, sometimes called the continuity equation:  the total change in a
quantity (Q) within a system (∆Q) is equal to the total transfer of the quantity into or out of the system (Qin –Qout).  The
principle is applied to the conservation of mass in grades 5-8, and the conservation of energy (no nuclear interactions) in
grades 9-12.

Grades 5 – 8

Learning Progression for the Conservations Principle

At first glance, the Essential Knowledge statements for the conservation principle (M.2.1.2) and the conservation
of mass (M.2.1.4) appear too detailed and complex for middle school – it seems that the principle would make
the conservation of mass more difficult for students to learn rather than lead to an improved understanding of
conservation.  This view, however, is contradicted by accepted principles of learning and research in
mathematics education.  To develop a progression of learning, students’ previous knowledge should be identified
and built upon in a cumulative manner.  Children in grades 3 - 5 have very few prior experiences solving problems
for closed systems in their everyday lives.  They do, however, have a great deal of prior experience with gaining
and losing objects and using the conservation principle.  For example, consider the following problem.

You started with 10 quarters.  You went to the grocery store and spent 5 quarters.  When you got back home,
you had 3 quarters.

Children have no difficulty figuring out that they must have lost two quarters somewhere on the way to or from the
store or while they were in the store.  Without the name, they intuitively use the conservation principle.

In grades 5-7, students can begin relating a systems analysis to the mathematical sentence for the conservation
principle in everyday situations.  For example, consider the following problem:

Imagine that you started the day with a large bowl of 16 strawberries.  Before you left for school you ate 2
strawberries.  When you got home, there were 12 strawberries in the bowl.  How many strawberries were added
or removed from the bowl?  The system is the bowl of strawberries and the time interval from the start of the
day to when you got home.

Students should be able to solve this problem using the mathematical sentence:
             change in number of strawberries  =  total number of strawberries removed or added

The learning progression for the conservation of mass principle within middle school proceeds from the
conservation of concrete objects to exploring the conservation of continuous quantities like mass, volume and
surface area for different interactions.  By the end of middle school, students should know that only mass is
conserved for all physical and chemical interactions and for all defined systems, open or closed (excluding nuclear
interactions).
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Table of Common Student Conceptual Difficulties with Mass and Energy

Where Addressed

Student Difficulty.!  Students often believe that: Essential
Knowledge

Learning
Outcome

1. Models are physical copies of reality, not conceptual representations.  They are not useful in
science. M.2.1.1

M.B.4

H.B.1

Conservation of Mass

1. The conservation of mass is not very useful because all quantities are conserved. M.2.1.4
M.B3
M.B.5

2. Mass is only conserved in a closed system.  When the system is open, mass can disappear (e.g.,
evaporation).

M.2.1.2
M.2.1.4

M.B3
M.B.7

3. Mass increases or decreases when energy is transferred into or out of the defined system
(without a transfer of materials).

a. When a solid object is heated, its mass increases; when an object is cooled, its mass
decreases.

b. When heat, light or sound are produced during an interaction, the mass of the system
decreases.

M.2.1.5 M.B.6

4. Mass increases or decreases when the shape, density, or phase of an object changes during
physical and chemical interactions.

a. When a flexible solid object is spread out, the mass of the object decreases (e.g., spreading
out the strands of a piece of steel wool, changing the shape of a piece of clay from a ball to
a flat pancake).

b. When a solid is formed during a chemical reaction in a closed system, the mass of the closed
system increases; when a gas is formed, the mass decreases.

c. When an object is cooled and changes phase, the mass of the object increases; when an
object is heated and changes phase, the mass of the object decreases.

M.2.1.4
M.B.3
M.B.7

M.B.8

Conservation of Energy

5. All energies are the same.
a. Energies are always the same (electrical, kinetic, thermal, etc) for all defined systems and

time intervals. [Because one form of energy can always be transformed into another form of
energy.]

b. There are no energy terms for transfer (energy in transit from one location to another) that
are different from the energies that objects can have.

H.2.1.1
H.2.1.2

H.2.1.4

H.B.3
H.B.4

H.B.5

6. Energy is only conserved in a closed system.  When the system is open, energy can sometimes
disappear.  [Things, like light bulbs, “use up” energy.] H.2.1.1 H.B.2

7. There is nothing special about the conservation of energy – all quantities are conserved in a
closed system. M.2.1.4 M.B.3

8. The conservation of energy is useless; it does not help think about or solve problems
(qualitatively or quantitatively). H.2.1.1 H.B2

9. The conservation of mass, charge, and energy are not a fundamental principles of science. H.2.1.6 H.B.7

! For conceptual difficulties with specific types of energy, see Objective 4.1 through Objective 4.5

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

Middle School (Grades 5-8)

OBSERVATIONS/PHENOMENA (Real World)
• M.B.3.  Students investigate interactions that result in:

- changes in the number of identical objects; changes in surface area, changes in perimeter;

- changes in shape (e.g., spreading out strands of steel wool, changing the shape of a piece of clay from a sphere to a flat
pancake);

- changes in temperature (heating a piece of metal in hot water, heating a liquid in a closed container – no phase change);

– changes in state (e.g., boiling water in open and closed containers, freezing water);
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PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

Middle School (Grades 5-8)
- chemical changes (e.g., forming a solid when two liquids are mixed, forming a gas during an chemical reaction in a closed and

open container, burning a candle in a closed and open container);

- changes in volume (e.g., mixing alcohol and water, dissolving rock candy or rock salt in water);

- lighting a bulb or running a motor with a battery until the battery is “dead.”

Students must investigate enough changes to be convinced that, for example, while surface area and volume are sometimes
conserved and sometimes not conserved, mass is conserved through all of the interactions and changes (M.2.1.4).  They also need
evidence that the transfer of energy into or out of an object/system (without mass transfer) does not change the mass of the
system within the measurement errors (e.g., heating a metal cube in water, placing a circuit on a balance)(M.2.1.5).

• M.B.7.  Examples should include mass transferred into the system, mass transferred out of the system, different values of mass
transferred into and out of the system, the rate of mass transfer into the system the same as the rate of mass transfer out of the
system (dynamic equilibrium), and of course, closed systems.

REPRESENTATIONS/MODELS

• Analogue models of conservation (e.g., simple a coin/money bank, number of strawberries in a bowl, grinding coffee,
and so on)

• Mathematical sentences for conservation and conservation of mass

TECHNICAL VOCABULARY

• conservation principle
• conservation of mass principle

  Underlined words and phrases are defined in the Glossary.

M.B.3 Measuring Mass Changes

Students will not be convinced by their measurement that mass is conserved, partly because their measurement
procedures are usually poor.  Have each member of a class measure the mass of the same object (once or several times
over a few days) and determine a “class” measurement error by taking an average and finding the standard deviation
(students do not need to understand standard deviations to recognize that there is a procedure for determining the
error).  In all mass investigations, have the student groups calculate the mass change within the system (closed system)
or the mass change within the system minus or plus the total mass transfer into or out of the system respectively.  All
calculations should be close to zero.  Take the class average and add the class measurement error.  The average is
always very close to zero and well within measurement errors.  School averages for several classes can also be
determined, and the average is even closer to zero.

M.B.4 Analogue Models

There are many analogue models for the conservation of mass.  The model that can be extended in complexity in grades
9-12 is the banking model shown below.

Input of money Change of money within
the bank system

Output of money

Grades 9 – 12

The approach taken to the conservation of energy equation is similar to that of John Jewett (2008d) in his article Energy and
the confused student: A Global Approach to Energy:
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“It is my position in this article that there is only one fundamental energy equation and that all other energy equations
are special cases.  The fundamental equation is called the conservation of energy equation or the continuity equation for
energy, both of which can be abbreviated as CEE:

∆Esystem = ∑T,
where T represents the amount of energy transferred (T for transfer) across the boundary of the identified system by a
given mechanism.  The general conceptual basis of the equation is this: the only way the total energy Esystem of a
system can change is if energy crosses the system boundary by one or more mechanisms described by T.  The
mathematical basis is this: the total change in energy of the system during some time interval is exactly equal to the net
amount of energy crossing the system boundary.  The summation sign indicates that energy may cross the boundary by
several methods.

… On the right side of the CEE is the total amount of energy that crosses the boundary of the system, expressed as the
sum of the energy transferred by six common processes:

W:  work done on the system by external forces whose points of application move through displacements

Q:  energy transferred across the boundary of the system by heat due to a temperature difference between the
system and its environment

TMT: energy transferred across the boundary of the system by matter transfer (such as transferring a fuel into a tank)

TMW: energy transferred across the boundary of a system by mechanical waves such as sound waves or seismic
waves

TER: energy transferred across the boundary of a system by electromagnetic radiation such as light or microwaves

TET: energy transferred across the boundary of a system by electrical transmission from a battery or other electrical
source

It is instructive to spend time discussing this equation and its individual terms when energy is first introduced.  Students
are familiar enough from everyday life with the six types of energy transfer in the equation that they can quickly
understand the nature of energy transfers and the meaning of the equation.  In my experience, … after gaining
familiarity and experience with the approach, they [students] often begin with the [CEE equation] and build the
appropriate equation by listing just those terms that are needed to analyze the situation.” [pages 210 – 211]

Grades 9 - 12

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
• Objects and Events.  Similar to those in Standards 3 and 4, and Objective 5.2, but situations involve multiple interactions.
• H.B.2.  Methods of energy storage within a system include (See Objectives 4.1 through 4.5):

- kinetic energy - gravitational potential energy
- thermal energy, - electrical potential energy
- elastic energy (e.g., spring), - magnetic potential energy

Methods of energy transfer include (See Objectives 4/1 through 4/5):
- mechanical energy transfer (work), - electrical energy transfer in circuits, and
- mechanical wave energy transfer, - radiant energy transfer (EM).
- thermal energy transfer (heat),

• H.B.3.  One example, among many, is shown below.

REPRESENTATIONS/MODELS
• More complex analogue models can be considered for the conservation of energy:  for example, a banking account that includes

savings, investments with dividends, interest charges, etc.  See comments below
• Symbol ∆ to represent “change in.”
• Mathematical model of energy conservation (∆Esystem = Ein – Eout)

• Energy diagram (see comment below)

  Underlined words and phrases are defined in the Glossary.



Instructional Guidance for Standard 2

© Pat Heller and Gay Stewart 2010 93

H.B.1 Analogue Models

There are many analogue models for the conservation of energy principle.  One model that builds on an earlier grade 5-
8 banking model is the Financial Asset Model of Energy by Patricia Westphal (2010).  In this model, types of banking
accounts within system are analogous to different methods of storing energy; banking transfer processes are analogous
to transfers of energy into or out of the system.

Types of banking accounts with system:
! Checking accounts
! Savings accounts
! IRAs
! Stocks and bonds

Transfer processes that may arise:
• Working ! Insurance
• Theft ! Taxes
• The lottery ! Inheritance
• Interest ! Many others

H.B.3 Example Problem

Event:  A battery is connected to a switch and bulb.

(a) System of interest is the complete circuit; time interval is the tiny (unnoticeable) time after the switch is closed and
while the bulb’s brightness is increasing.  The energy change within the system is a decrease in the chemical
energy of the battery and an increase in the thermal energy of the bulb filament (because the temperature of the
bulb filament is increasing).*  There is a transfer of radiant energy (mostly visible light and infrared) out of the
system.  [Note: A heat conduction energy transfer is much slower than a radiant energy transfer, so for this tiny
time interval, it can be ignored.]

(b)    System of interest is the bulb filament; time interval is the tiny (unnoticeable) time after the switch is closed and
while the bulb’s brightness is increasing.   The energy change within the system is an increase in the thermal
energy of the bulb filament (because the temperature of the bulb filament is increasing).*  There is a transfer of
electrical energy into the bulb filament (from the battery) and a radiant energy transfer out of the system.

(c) System of interest is the bulb filament; time interval is a few minutes while the bulb brightness is not changing.
There is a transfer of electrical energy into the system and a transfer of radiant energy out of the system. There is no
change in energy of the filament.  (Changes in the internal energy of the bulb filament are ignored at the high
school level.)

Energy Diagrams

There are, of course, many different ways of drawing energy diagrams.  The most extensive discussion is by Greg
Swackhamer in the paper Cognitive Resources for Understanding Energy (2010).  More examples are in Instructional
Guidance for Standard 4.

    
       Some diagrams show only the transfers of energy Some diagrams also show the changes of stored energy

Systems involving potential energy show the transfer of energy into or out of the field (see Objective 5.2), as shown
below.
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Below is a slightly different type of energy diagram (Goldberg, Bendall, Heller, and Poel, 2006).

OBJECTIVE 2.2
CONSERVATION OF LINEAR MOMENTUM (Grades 9-12)

Students understand that at the macro (human) scale, linear momentum is conserved for all types of interactions and
defined systems (open or closed).

Table of Common Student Conceptual Difficulties

Where Addressed

Student Difficulty. Students often believe that: Essential
Knowledge

Learning
Outcome

1. Momentum
a. Momentum is not a vector.
b. Momentum is the same as force.
c. Moving masses in the absence of gravity do not have momentum.

H.2.2.1
H.2.2.3

H.B.2
H.B.3

2. Impulse
a. The relationship between momentum change and impulse applies only to collisions.
b. Moving masses in the absence of gravity do not have momentum.

H.2.2.3
H.B.1
H.B.4

H.B.5

3. The conservation of linear momentum applies only to closed systems; in open systems
momentum can disappear. H.2.2.2

H.B.1
H.B.6

4. The conservation of linear momentum applies only to collision (and explosion) interactions. H.2.2.2 H.B.1

5. The conservation of linear momentum is useless; it does not help us think about or solve problems
(qualitative or quantitative). H.2.2.4

H.B.4, H.B.5
H.B.7 thru

H.B.11

6. Newton’s Laws are the most important laws (or the only fundamental laws) in physics – everything
else can be derived from these Laws. H.2.2.6 H.B.12
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Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
• Events.  Elastic collisions include many sports examples: bat hits baseball, golf club hits ball off tee, racquet hits tennis balls, balls

bounce off walls.  Lab equipment includes low friction carts with bumpers.
• H.B.1.  Examples of interactions in which a constant force is applied to an object for a longer amount of time than in collisions

include, but are not limited to: a small object falling toward the ground; a small object moving upwards by being lifted at a
constant speed or by being thrown upwards; the pulling or pushing of a low-friction object across a long, straight path, as with
frictionless carts in the lab, or word problems where a frictionless surface can be assumed.

• H.B.4.  Processes that are designed to reduce injury or to maximize a force include, but are not limited to: a seat belt increasing
the time interval over which the change in linear momentum occurs to decrease force; packing materials to protect fragile items;
pulling back hands when catching a fragile item; bending at the knees when landing from a jump; and a Karate chop occurring
over a short time to maximize force

• H.B.7.  Traffic accidents can be on land, in the air, or in space.

REPRESENTATIONS/MODELS

• ∆ and ∑ symbols in mathematical relationships.

• Conservation of linear momentum equation (
    

! 

"
! 
p system =

! 
p f  -  

! 
p f  =  

! 

F ave"t ).

• Mathematical relationship between Linear momentum and Newton’s second law for constant-mass systems

(
    

! 

"
! 

F external =
m#
! 
v 

#t
= m
! 
a ).

Exclusions: 
    

! 

! 

F net  and “net force” until students understand and automatically translate the symbol and words to “sum of external
forces.”

TECHNICAL VOCABULARY
• impulse •  totally elastic collision
• conservation of energy principle

H.B.1 Example Word Problems

You have a summer job at a company testing different sports balls.
(a) In one experiment, an old tennis ball with a mass of 0.056 kg hits a concrete wall with a speed on 32 m/sec and

bounces off with a speed of 18 m/sec.  Is there a momentum transfer to the ball from the concrete wall?  If so,
calculate the momentum transfer by drawing a momentum diagram and using the conservation of linear
momentum principle.

(b) A baseball with a mass of 150 g approaches a bat at a speed of 38.7 m/sec, and is hit straight back with a speed of
49.5 m/s.  Is there a momentum transfer to the ball?  If so, calculate the momentum transfer by drawing a
momentum diagram and using the conservation of linear momentum principle.

Extension Problem to Novel Situation:

A uranium nucleus at rest decays into an alpha particle and a smaller thorium nucleus. What will be the speed of this
recoiling nucleus if the speed of the alpha particle is 3.8 x 105 m/s?
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OBJECTIVE 2.3
NUCLEAR INTERACTIONS AND THE CONSERVATION OF MASS-ENERGY (Grades 9-12)

Students understand that nuclear interactions result in product particle(s) with less mass than the original particle(s); the
missing mass appears as an energy transfer out the system.  Mass-energy is conserved at all size and time scales, for all
types of interactions, and for all defined systems (open or closed).

Table of Common Student Conceptual Difficulties

Where Addressed

Student Difficulty.  Students often believe that: Essential
Knowledge

Learning
Outcome

1. Nuclear force:
Electrical forces hold the protons and neutrons together in the nucleus.
All forces are equally effective over all ranges.

H.2.3.1 H.B.1

2. Isotopes are always radioactive. H.2.3.2 H.B.5

3. Radioactive Decay
a. Atoms are like cells with a membrane and nucleus.  The nucleus of an atom is the same

thing as the nucleus of a cell.  Nuclear decay is similar to tissue decay.  Atoms can
reproduce after the nuclei divide

b. Atoms (electrons, protons, and neutrons) disappear during a radioactive decay. Nuclei
disappear when they decay.

c. Atoms cannot be changed from one element to another.

H.2.3.2

H.2.3.4

H.B.2

H.B.4

6. Beta particles are electrons, so they come from an atom's electron configuration. H.2.3. H.B.2

7. Fission and fusion are the same; fission is more powerful than fusion. H.2.3.5
H.2.3.6

H.B.3
H.B.7

8. All nuclear reactions will cause a violent explosion. H.2.3.2
H.2.3.3

H.B.2
H.B.5

9 Nuclear radiation causes cancer.  Thus, it cannot be used to cure cancer.  Radiation acts like a
communicable disease.  When radiation hits something that thing becomes radioactive itself.
This then gives out radiation, passing the radioactive disease on like a spreading virus.

H.2.3.3 H.B.5

10. Mass is absolute -- mass doesn’t change until the object is traveling at the speed of light. H.2.3.7
H.B.6
H.B.7

11. The conservation of mass, energy, and mass-energy are useless.
a. It does not help us think about or solve problems (qualitative or quantitative).
b. They are not fundamental principles of science.

H.2.3.8

H.2.3.9
H.B.7
H.B.9

Table of Content Boundaries

PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)

OBSERVATIONS/PHENOMENA (Real World)
• H.B.2 and H.B.3.  Visual representations should indicate whether the nucleus changes.  See example illustrations below.
• H.B.4.  Radioactive decays should be for common elements (e.g., Iodine 131), and as simple as possible.
• H.B.5.  Quantitative comparisons are not necessary – only language of essential knowledge statement B8.

REPRESENTATIONS/MODELS
• Visual representations of alpha and beta decay, fission and fusion.
• Animations and simulations of alpha and beta decay, fission and fusion.

• Mathematical model for Mass-Energy conservation  (∆Esystem = Ein - Eout  -∆mc2

TECHNICAL VOCABULARY
• alpha and beta radioactive decay
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PHENOMENA, REPRESENTATIONS AND MODELS, AND TECHNICAL VOCABULARY

High School (Grades 9-12)
• fission and fusion
• isotopes

  Underlined words and phrases are defined in the Glossary.

H.B.2 and H.B.3 -- Visual Representations of Radioactive Decay, Fission, and Fusion

Examples of visual representations of alpha and beta decay, fission, and fusion that indicate whether the nucleus
changes.

            
                                                            Alpha Decay                                                             Beta Decay

            
                                                                             Fission                                                      Fusion
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