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Teachers and educators are strongly advised to review the introductory chapters of this Framework, including the chapter on Instructional Strategies.

Introduction

According to the Next Generation Science Standards:


Students in high school continue to develop their understanding of the four core ideas in the physical sciences. These ideas include the most fundamental concepts from chemistry and physics, but are intended to leave room for expanded study in upper-level high school courses. The high school performance expectations in Physical Science build on the middle school ideas and skills and allow high school students to explain more in-depth phenomena central not only to the physical sciences, but to life and earth and space sciences as well. These performance expectations blend the core ideas with scientific and engineering practices and crosscutting concepts to support students in developing useable knowledge to explain ideas across the science disciplines. In the physical science performance expectations at the high school level, there is a focus on several scientific practices. These include developing and using models, planning and conducting investigations, analyzing and interpreting data, using mathematical and computational thinking, and constructing explanations; and to use these practices to demonstrate understanding of the core ideas. Students are also expected to demonstrate understanding of several engineering practices, including design and evaluation. (NGSS Lead States 2013c)

Physical processes govern everything in the Universe. All students in California should have the opportunity to investigate [SEP-3] the relationships between physical events that they observe and the fundamental underlying forces that cause [CCC-2] them.  

The CA NGSS do not specify which phenomena to explore or the order to address topics because phenomena need to be relevant to the students that live in each community and should flow in an authentic manner. This chapter illustrates one possible set of phenomena that will help students achieve the CA NGSS Performance Expectations (PEs). Many of the phenomena selected illustrate California’s Environmental Principles and Concepts (EP&Cs), which are an essential part of the CA NGSS (see Chapter 1 of this Framework). However, the phenomena chosen for this statewide document will not be ideal for every classroom in a state as large and diverse as California. Teachers are therefore encouraged to select phenomena that will engage their students and use this chapter’s examples as inspiration for designing their own instructional sequence. For example, the course could be restructured around contemporary issues of health or ecosystem change faced by a local community. 
This example course is divided into instructional segments (IS) centered on questions about observations of a specific phenomenon. Different phenomena require different amounts of investigation to explore and understand, so each IS should take a different fraction of the school year. As students achieve the PEs within the instructional segment, they uncover Disciplinary Core Ideas (DCIs) from physical science and engineering. Students engage in multiple practices in each IS, not only those explicitly indicated in the PEs. Students also focus on one or two Crosscutting Concepts (CCCs) as tools to make sense of their observations and investigations; the CCCs are recurring themes in all disciplines of science and engineering and help tie these seemingly disparate fields together.

This chapter clarifies the general level of understanding required to meet each PE, but the exact depth of understanding expected of students depends on this course’s place in the overall high school sequence. Teachers could modify the content and complexity so that the course serves as a basic freshman introduction to science, serves as a senior capstone that integrates and applies science learning from all previous science courses, or aligns with the expectations of AP or IB curriculum.

Example Course Mapping for a Physics Course


This example course is divided into four instructional segments that group together related component ideas within the DCIs (Table 6I‑1). Care was taken in designing this chapter so that it can be helpful for districts regardless of the sequence in which students complete the four high school courses. As such, it lacks some of the rich interdisciplinary connections that are possible. As schools and districts adopt a specific sequence, they can take advantage of links to previous courses by making connections to this prior knowledge. The level of mathematics utilized in this course would also vary based upon its sequence. High school seniors should be capable of more advanced problem solving than this example course requires, but meeting the performance expectations of CA NGSS requires more than just mathematical and computational thinking [SEP-5]. As assessments such as the Force Concept Inventory illustrate (Hestenes 1998), many students can perform calculations without developing rich mental models [SEP-2] that allow them to formulate evidence-based explanations or design solutions [SEP-6] to real world challenges. The approach outlined in this course should therefore even aid teachers that plan to go “beyond the standards” with a more mathematically rigorous course by showing them ways that all of the SEPs from CA NGSS fit into a physics course and how the CCCs relate that course to bigger issues that span across scientific disciplines.
Table 6I‑1. Summary Table for Example High School Physics Course
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Forces and Motion
(PS2.A)
	Students make predictions using Newton’s Laws. Students mathematically describe how changes in motion relate to forces and momentum. They engage in a design challenge to reduce the effects of a collision. 
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Types of Interactions
(PS2.B)
	Students investigate gravitational and electromagnetic forces and describe them mathematically. They investigate the unity of electricity and magnetism. They develop a model of the internal structure of atoms and use it to link the macroscopic properties of materials to microscopic electromagnetic attractions.
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 Energy

(PS3.A,B,C, PS1.C)
	Students design and test their own energy conversion devices. They develop models of nuclear processes, thermal energy, and electric and magnetic fields, and then use these models to further their understanding of energy flow in systems. 
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Waves and Electro-magnetic Radiation
(PS4.A)
	 Students make mathematical models of waves and then obtain, evaluate, and communicate information about interactions between waves and matter with a particular focus on electromagnetic waves. They obtain, evaluate, and communicate information about health hazards associated with electromagnetic waves. They use models of wave behavior to explain information transfer using waves and the wave-particle duality.



Sources: NHSTA/DOT 2015; NASA 2003; Black and Davis 1913; Ousley 2013; NASA n.d.

Instructional Segment 1: Forces and Motion (PS2.A)
According to the NGSS storyline,

The Performance Expectations associated with the topic Forces and Interactions supports students’ understanding of ideas related to why some objects will keep moving, why objects fall to the ground, and why some materials are attracted to each other while others are not. Students should be able to answer the question, “How can one explain and predict interactions between objects and within systems of objects?” The disciplinary core idea expressed in the Framework for PS2 is broken down into the sub ideas of Forces and Motion and Types of Interactions. The performance expectations in PS2 focus on students building understanding of forces and interactions and Newton’s Second Law. Students also develop understanding that the total momentum of a system of objects is conserved when there is no net force on the system. Students are able to use Newton’s Law of Gravitation and Coulomb’s Law to describe and predict the gravitational and electrostatic forces between objects. Students are able to apply scientific and engineering ideas to design, evaluate, and refine a device that minimizes the force on a macroscopic object during a collision. The crosscutting concepts of patterns, cause and effect, and systems and system models are called out as organizing concepts for these disciplinary core ideas. In the PS2 performance expectations, students are expected to demonstrate proficiency in planning and conducting investigations, analyzing data and using math to support claims, and applying scientific ideas to solve design problems; and to use these practices to demonstrate understanding of the core ideas. (NGSS Lead States 2013c)

	Physics - Instructional Segment 1: Forces and Motion (PS2.A)

	Guiding Questions:
How can Newton’s Laws be used to explain how and why things move?

How can the Newton’s Laws be used to solve engineering problems?

	Students who demonstrate understanding can:

HS-PS2-1    Analyze data to support the claim that Newton’s second law of motion describes the mathematical relationship among the net force on a macroscopic object, its mass, and its acceleration. [Clarification Statement: Examples of data could include tables or graphs of position or velocity as a function of time for objects subject to a net unbalanced force, such as a falling object, an object rolling down a ramp, or a moving object being pulled by a constant force.] [Assessment Boundary: Assessment is limited to one-dimensional motion and to macroscopic objects moving at non-relativistic speeds.]

HS-PS2-2    Use mathematical representations to support the claim that the total momentum of a system of objects is conserved when there is no net force on the system. [Clarification Statement: Emphasis is on the quantitative conservation of momentum in interactions and the qualitative meaning of this principle.] [Assessment Boundary: Assessment is limited to systems of two macroscopic bodies moving in one dimension.]

HS-PS2-3    Apply scientific and engineering ideas to design, evaluate, and refine a device that minimizes the force on a macroscopic object during a collision.* [Clarification Statement: Examples of evaluation and refinement could include determining the success of the device at protecting an object from damage and modifying the design to improve it. Examples of a device could include a football helmet or a parachute.] [Assessment Boundary: Assessment is limited to qualitative evaluations and/or algebraic manipulations.]

HS-ETS1-1   Analyze a major global challenge to specify qualitative and quantitative criteria and constraints for solutions that account for societal needs and wants. 
HS-ETS1-4  Use a computer simulation to model the impact of proposed solutions to a complex real-world problem with numerous criteria and constraints on interactions within and between systems relevant to the problem. 
* This performance expectation integrates traditional science content with engineering through a practice or disciplinary core idea.

	The bundle of performance expectations above focuses on the following elements from the NRC document A Framework for K–12 Science Education:

	Highlighted

Science and Engineering Practices

Asking Questions and Defining Problems 

Using Mathematics and Computational Thinking

Analyzing and Interpreting Data

Constructing Explanations and Designing Solutions
	Highlighted

Disciplinary Core Ideas

PS2.A: Forces and Motion

ETS1.A: Defining and Delimiting Engineering Problems

ETS1.B: Developing Possible Solutions 
	Highlighted

Crosscutting Concepts

Cause and Effect

Systems and Systems Models

Influence of Science, Engineering, and Technology on Society and the Natural World


What does a mountain peak have in common with a pickup truck (Figure 6I‑1)? If the vehicle is involved in a crash, its hood could crumple and bend under the force of the collision. Mountain ranges like the Himalayas are shortened and pushed upwards just like the hood of a crashed car. Even though the two processes occur at very different scales [CCC-3], they are both governed by Newton’s Laws. 
Figure 6I‑1. Collisions Occur in a Variety of Contexts
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Mountains and car crashes (top) involve collisions whose movement and forces can be modeled in computer simulations (bottom). Sources: Insurance Institute for Highway Safety 2011; Cinedoku Vorarlberg 2009; Willett 1999; Structural Tech 2006.
Newton’s Laws (Table 6I‑2) provide a basis for understanding forces and motion and, therefore, serve as a foundation for a study of physics. Engineers and scientists apply Newton’s Laws mathematically or with computational models [SEP-2] to predict the motion of objects. These calculations (such as depicted in the bottom panels of Figure 6I‑1) enable applications as diverse as building safer automobiles and providing more reliable forecasts of earthquake hazard. Applying Newton’s laws becomes quite complicated when considering the forces within deforming bodies like in Figure 6I‑1, but these simple laws lie at the heart of even the most sophisticated computer simulations. 

Table 6I‑2. Newton’s Laws of Motion

	1st Law

“Law of Inertia”
	Every object in a state of uniform motion tends to remain in that state of motion unless it is subjected to an unbalanced external force.

	2nd Law

“Definition of Force”
	F = ma. An object’s acceleration, a, depends on its mass, m, and the applied force, F.

	3rd Law

“Law of Reciprocity
	“For every action, there is an equal and opposite reaction.” When one body exerts a force on a second body, the second body simultaneously exerts a force equal in magnitude and opposite in direction on the first body


In the middle grades, students investigated forces to establish a relationship between force, mass, and changes in motion (MS-PS2-2) and designed solutions to minimize the impact of a collision (MS-PS2-1). These experiences form the basis of a solid conceptual model of Newton’s laws. Now, they are ready to extend these models [SEP-2] using mathematical thinking [SEP-5] so that they can use their models to predict precise outcomes.  This process begins with mathematical descriptions of motion:

High School Physics Snapshot: Analyzing Motion in Video
Ms. K’s students use phones or tablets to record different everyday objects moving (skateboard rolling down ramp, ball thrown up against basketball backboard, bird flying across the schoolyard, car coming to a stop at a stop sign, etc.). They analyze [SEP-4] the video clips using a free frame-by-frame video analysis tool
 to track the position, velocity, and acceleration over time. Ms. K gives a short lecture describing how the program calculates the quantities in which she introduces the formulas for velocity and acceleration. Students practice a few calculations by hand to see if they match the software’s output. Students find that the skateboard’s position and velocity both increase linearly but its acceleration remains constant. The bird moves at a pretty constant speed as it glides between flaps but then speeds up while it is flapping. The basketball bounces off the backboard a tiny bit slower than it was traveling towards the backboard. The car’s acceleration is always negative but oscillates up and down (close to zero and then more negative again) as it approaches the stop sign. Each group of students choses one graph which yields an ‘interesting’ observation (position, velocity, or acceleration versus time) to describe [SEP-8] to the class in. Ms. K ensures that students describe the axes (including highlighting the scale [CCC-3] of their results – how slow or fast did these objects move?) and any trends [CCC-1]. Each team must also share one question [SEP-1] they generated when looking at the data that would be the basis for a new investigation: Does the acceleration change when someone sits instead of stands on the skateboard? Would the ball bounce back at a faster speed if we pumped it up? Would the car’s speed change more smoothly if we tried to push the break pedal really evenly? Over the next few weeks, Ms. K returns to these questions in an order that follows the conceptual flow of her curriculum. She has the class refine each question and use it to plan and conduct an investigation [SEP-3] to answer the question. 

HS-PS2-1 “requires students to analyze data to support the claim that Newton’s second law of motion describes the mathematical relationship among the net force on a macroscopic object, its mass, and its acceleration.” Before jumping into quantitative calculations, teachers should help students engage with their preconceptions about forces and motion through conceptual challenges. Teachers can administer the Force Concept Inventory (Hestenes 1998) to assess students’ knowledge at the beginning of the course. Guided inquiry tutorials
 help students refine their conceptual models and are specifically designed for students to confront misconceptions. With these foundations, students analyze and interpret [SEP-4] tables or graphs of position as a function of time, or velocity as a function of a time for objects subjected to a constant, net unbalanced force and compare their observations to predictions from the mathematical model (HS-PS2-1). Given the force and the mass, students learn to calculate the acceleration of an object. Given the mass and the acceleration, students should be able to calculate the net force on the object. Accordingly, students should be able to analyze simple free-body diagrams to calculate the net forces on known masses and, subsequently, determine their acceleration. The standard formulas of velocity, acceleration, and Newton’s second law are all mathematical models [SEP-2]. In the CA NGSS, students should be able to use models to make predictions. Curriculum should therefore provide students opportunities to not only perform calculations, but to test them out using hands-on activities and computer simulations.  

Students extend their study of forces and motion to include collisions and the concept of momentum. The law of conservation of linear momentum states that for a collision occurring between object one and object two in an isolated system [CCC-4], the total momentum of the two objects before the collision is equal to the total momentum of the two objects after the collision. Again, students will use mathematical representations [SEP-5] of these systems as models [SEP-2]. They should be able to apply these models to a range of scenarios. 

High School Physics Snapshot: Predicting Baseball Speeds
Ms. K’s students rolled marbles on tracks to explore momentum and collisions, but her students wanted to see if the equations work in a real world scenario. They will use video analysis software to predict how fast the ball will go when it gets hit. They set up a camera on a tripod and have the school’s star softball pitcher practice throwing consistent, easy to hit pitches. Meanwhile, they have the school’s leading baseball hitter swing the bat over and over again. They record swings using several bats (including aluminum and wood) and pitches with two different balls (a baseball and a softball). Ms. K won’t let the batter hit the balls yet, though. They take the video clips back to the classroom and calculate the average speed of the ball and the bat and then measure their masses. Students then use equations of momentum conservation to predict the speed the ball will go in different cases. They verify their calculations using an online simulator of one dimensional collisions
 and use it to get a sense of how much the speed will vary if the speeds during an actual pitch are equal to the average they used in their calculations. They then return to the field and let the batter hit several pitches using different ball and bat combinations. Upon analyzing the video data, students realize that the actual balls fly off at a much lower speed than their predictions. This leaves students asking questions [SEP-1] about what caused [CCC-2] this difference. The class converges on two possible mechanisms: 1) the ball absorbs some of the energy; or 2) the ball was hit off center. Ms. K splits students into groups and assigns half of them to obtain information [SEP-8] about the ‘coefficient of restitution’ in an inelastic collision and design an investigation [SEP-3] to calculate it for the baseball while another group uses the online simulator in two dimensions to predict the ball’s speed when the collision isn’t ‘head on.’ The class reconvenes and groups present a claim [SEP-7] about whether or not their mechanism can explain the observed velocities, citing evidence from the video and their follow-up investigations. These follow-up investigations go beyond the assessment boundary of HS-PS2-2, but are excellent examples of how an authentic investigation leads to authentic questions. Students find that both mechanisms could potentially explain the speed reduction, but they do not have enough information to distinguish between them. They finish thinking the same thing professional scientists often think, “If only we had more data!”, and they dream of adding sensors to the ball and bat.
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Engineering Connection: Minimizing the Effects of Collisions
Equipped with a basic understanding of classical mechanics, including Newton’s three laws of motion and the momentum conservation principle, students should now be able to “apply scientific and engineering ideas to design, evaluate, and refine a device that minimizes the force on a macroscopic object during a collision”. (HS-PS2-3). A classic activity that meets this PE is the egg-drop contest, in which students are challenged to develop devices that protect raw eggs from breaking when dropped from significant heights (Figure 6I‑2). In the process, students demonstrate competence with HS-ETS1-1 where they start by considering a complex problem such as automobile collisions or sports injuries, and then they define the problem [SEP-1] in terms of qualitative and quantitative criteria and constraints for solutions. With teacher guidance the students can then break down the problem into smaller, more manageable problems that can be solved through engineering (HS-ETS1-2). The students should be encouraged to generate multiple solutions [SEP-6], and to evaluate their ideas based on prioritized criteria and trade-offs (see the section on ‘Decision Matrices’ in the Instructional Strategies chapter of this Framework) , taking into account cost, safety, and reliability as well as social, cultural, and environmental impacts (HS-ETS1-3). Students then build and test a model of their most promising idea and then modify it based on the results of the tests. Testing can include computer simulations that model how solutions function under different conditions (HS-ETS1-4). 
Figure 6I‑2. Engineering Solutions to an Egg Drop Challenge
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Students learn physics principles such as impulse and momentum while simultaneously learning engineering design and testing principles while designing and developing devices for challenges such as the classic egg-drop contest. Source: William R 2014; Prack n.d.; Magnotto 2011.

Throughout the process, students should justify [SEP-7] their design choices and revisions in terms of physics concepts, rather than using trial and error or guesswork. The engineering solutions students create are examples of systems [CCC-4] of interacting components. Students discover that the exact physical structure [CCC-6] (the arrangement of the components) can have a large impact on the function of their design. Students can draw pictorial models [SEP-2] showing the direction forces act and label role each piece plays in their solution.  
Engagement in this activity also tests student understanding of the momentum-impulse connection:  FΔt = mΔv, where F = force, t = time, m = mass, and v = velocity. The product of force and the time over which the force is applied is known as the impulse (FΔt) and is equal to the change in momentum of the object to which the force is applied (mΔv). One can decrease the force necessary to bring a moving object to rest by increasing the time over which the force is applied. For example, air bags, car crumple zones, helmets, parachutes, and padded catcher’s mitts (Figure 6I‑3) reduce the potential for injury by decreasing the force necessary to bring objects to a halt by increasing the time over which such forces are applied. 
Figure 6I‑3. Real World Engineering Applications of Momentum-Impulse Connections 
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The product of force and the time over which the force is applied is known as the impulse (FΔt), and is equal to the change in momentum of the object to which the force is applied (mΔv). One can decrease the force (F) necessary to bring a moving object to rest by increasing the time (Δt) over which the force is applied, such as is accomplished by (a) an automobile air bag,  (b) a helmet, (c) a baseball catcher’s mitt, or (d) a parachute. Sources: Clemson University Vehicular Electronics Laboratory 2015; Grabianowski 2008; Chandigarh Traffic Police 2015; VectorStock 2015.

Instructional Segment 2: Types of Interactions (PS2.B)

IS1 introduces the concept of force as an influence that tends to change the motion of a body. IS2 builds upon this foundation by examining types of forces or interactions. Scientists know of only four fundamental interactions, also known as fundamental forces or interactive forces: gravitational, electromagnetic, strong nuclear, and weak nuclear. Students have no everyday knowledge of these nuclear forces, but the strong nuclear force ensures the stability [CCC-7] of ordinary matter by binding the atomic nucleus together, while the weak nuclear force mediates radioactive decay. By contrast, we interact with gravitational and electromagnetic forces on a daily basis, so students are already familiar with their pushes or pulls. In the middle grades, students provided evidence that gravity is a force that attracts objects together and its strength depends on the mass of the objects (MS-PS2-4).  In this IS, students will the mathematical models [SEP-2] of Newton’s Law of Gravitation to describe and predict the gravitational attraction between two objects. 
	Physics – Instructional Segment 2: Types of Interactions (PS2.B)

	Guiding Questions:

At the most fundamental level, how do objects interact with one another?

How do interactions affect the structure, nature, and properties of matter?

	Students who demonstrate understanding can:

HS-PS2-4 Use mathematical representations of Newton’s Law of Gravitation and Coulomb’s Law to describe and predict the gravitational and electrostatic forces between objects. [Clarification Statement: Emphasis is on both quantitative and conceptual descriptions of gravitational and electric fields.] [Assessment Boundary: Assessment is limited to systems with two objects.]

HS-PS2-5 Plan and conduct an investigation to provide evidence that an electric current can produce a magnetic field and that a changing magnetic field can produce an electric current. [Assessment Boundary: Assessment is limited to designing and conducting investigations with provided materials and tools.]

HS-PS2-6 Communicate scientific and technical information about why the molecular-level structure is important in the functioning of designed materials.* [Clarification Statement: Emphasis is on the attractive and repulsive forces that determine the functioning of the material. Examples could include why electrically conductive materials are often made of metal, flexible but durable materials are made up of long chained molecules, and pharmaceuticals are designed to interact with specific receptors.] [Assessment Boundary: Assessment is limited to provided molecular structures of specific designed materials.]

* This performance expectation integrates traditional science content with engineering through a practice or disciplinary core idea.

	The bundle of performance expectations above focuses on the following elements from the NRC document A Framework for K–12 Science Education:

	Highlighted

Science and Engineering Practices

Using Mathematics and Computational Thinking

Planning and Carrying Out Investigations

Obtaining, Evaluating, and Communicating Information

Asking Questions and Defining Problems
	Highlighted

Disciplinary Core Ideas

PS2.B: Types of Interaction

ETS1.A: Defining and Delimiting Engineering Problems


	Highlighted

Crosscutting Concepts

Patterns

Cause and Effect

Structure and Function

Influence of Science, Engineering, and Technology on Society and the Natural World

Interdependence of Science, Engineering, and Technology




Newton’s Law of Gravitation is expressed as F = Gm1m2/r2, where F represents the gravitational force, m1 and m2 represent the masses of two interacting objects, r represents the distance (radius) between the centers of mass of these two objects, and G is the universal gravitational constant. 
Common Core Connection: Rearranging Formulas


Students should be able to “rearrange formulas to highlight a quantity of interest, using the same reasoning as in solving equations.” (CA CCSSM A-CED.4). Thus, given G and any three of the variables, students should be able to apply basic algebra to calculate [SEP-5] the value of the remaining variable. Students are expected to make quantitative predictions using this equation, and they must also be able to understand it qualitatively (HS-PS2-4). 

Mathematical models, such as expressed in Newton’s Law of Gravitation, provide the opportunity for students to conceptualize complex physical principles using elegant equations. All mathematical models [SEP-2] in science are based on physical principles of relationships between scale, proportion, and quantity [CCC-3]. To assess understanding of such models, teachers can ask questions like, “What happens to the force of gravity if one doubles the mass?” or “What happens to the force of gravity if the distance between the centers of mass of the two objects is doubled?” In the middle grades, students argued that gravity always attracts objects together, but only had empirical evidence could not describe any mechanism for this behavior. Students can explain [SEP-6] why gravity is always attractive by referring to Newton’s Law of Gravitation (noting that mass can never be negative, so all terms are positive).
Working together, electricity and magnetism are a constant presence in daily life:  electric motors, generators, loudspeakers, microwave ovens, computers, telephone systems, static cling, the warm glow of the Sun, maglev trains, and electric cars, to name a few.
Asking students to identify the scientific principles that engineers apply in order to design and improve such technologies provides opportunities to review prior learning and recognize the value of science in everyday life. It also opens the door to understanding the interdependence of science, engineering, and technology [CCC about nature of science] in which scientists aid engineers through discoveries that can be incorporated into new devices, while engineers develop new instruments for observing and measuring phenomena that help further scientific research. In the high school chemistry course, students will create a model describing how electromagnetic forces are ultimately responsible for holding atoms together in chemical bonds.

Students likely have experience with magnetic latches and are aware of static electricity, but they will need first hand experiences with electrostatic forces. Are they always attractive like gravity? Students can explore conceptual hands-on tutorials
 and interactive simulations
.
Students should be able to use the simple equation in Coulomb’s Law to predict electrostatic forces between two electrically charged objects (HS-PS2-4​). Coulomb’s Law states: F = k(q1q2)/r2 , where F is the electrostatic force, k is the Coulomb’s constant, q1 and q2 are the magnitudes of the charges, and r is the distance between the charges. Given k and any three of the variables, students should be able to calculate the value of the remaining variable.

Students should notice that the mathematical representation of Coulomb’s Law is strikingly similar to Newton’s Universal Law of Gravitation. Both forces have an infinite range and are directly proportional to the magnitude of the component parts (the two masses or the two charges) and inversely proportional to the square of the distance between them. With guidance, students apply computational and mathematical reasoning [SEP-5] to conclude that gravitational and electrostatic forces share a common geometry, radiating out as spherical shapes from their point of origin. This geometry is similar to throwing a rock into a glassy-smooth pond. Waves emanate in all directions from the point where the rock hits the surface of the pond. As a wave moves from the point of impact, the same energy is spread over an increasingly large area. Initially the waves are tall, but as the waves get farther from the source, they stretch over a longer perimeter but are shorter in height. Although the water waves are confined to the surface of the water, point sources that spread their influence equally in all directions such as gravitational force, electric field, light, sound, and radiation display a similar attenuation with distance (Figure 6I‑4). 

Figure 6I‑4. Many Physical Processes Follow the Inverse Square Law  
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The intensity of radiation, sound, illumination, electrostatic interaction, and gravity vary as a function of distance (radius, r) from the source. Source: Herr 2008, 285.
High School Physics Snapshot:  Newton’s Law of Gravitation and Coulomb’s Law 
The ability to develop and use models [SEP-2] is emphasized as a science and engineering practice in CA NGSS, as well as a Standard for Mathematical Practice (MP) in the CA CCSSM. MP.4 states: “By high school, a student might use geometry to solve a design problem or use a function to describe how one quantity of interest depends on another.”  Having taught for a number of years, Mr. H realizes that his physics students generally memorize Coulomb’s Law and Newton’s Universal Law of Gravitation without understanding the common geometric principles upon which both are based. Understanding the importance of crosscutting concepts, Mr. H develops a one-day lesson as part of a larger Instructional Segment on forces to help students discover the predictive power of the geometric principles underlying energy or forces that radiate from an origin. Prior to his lesson, Mr. H collaborates with the math teachers in his school to insure that students in his physics class will have familiarity with the geometry of a sphere and understand how the surface area of a sphere is calculated. 

As the class opens, students are engaged in a warm-up activity that requires them to estimate the surface area of ping pong balls, baseballs, tennis balls, volleyballs, soccer balls, and basketballs. Although there is initially some confusion, students soon realize that they can estimate the radius of each ball with a ruler and subsequently estimate its surface area using the formula [image: image11.emf]. (MP.2, MP.4). Mr. H has prepared a dynamic, Internet-based collaborative spreadsheet where students submit their measurements using their smartphones. The measurements are automatically added to a plot of surface area as a function of radius that he projects at the front of the class. Students observe that the shape of the surface area to radius graph that develops as students enter their data resembles one half of a parabola.

With Figure 6I‑4 projected on the screen (equations that show how the intensity of radiation, sound, illumination, electrostatic interaction, and gravity vary as a function of distance), students to electronically submit written observations of patterns [CCC-1] between each phenomenon and within each phenomenon as distances are scaled up (CA CCSS-ELA RST.11-12.9). Scanning student responses, Mr. H formatively assesses the mathematical thinking [SEP-5] of his class and notices that the majority observed that each equation has an r-squared value in the denominator. He then selects Sophia, a student who has not had an opportunity to share in the last few days, to explain her observations. Sophia is confident that she has something significant to share, because she knows that Mr. H pre-screens student responses in the cloud and only calls on students who have demonstrated understanding of the question. Sophia explains that the intensities vary as the inverse square of the radius from the source. (CA CCSS-ELA SL.11-12.4)

Mr. H provides students access to all the equipment in the lab and asks them to develop a model [SEP-2] that illustrates how intensity varies with distance. Tom and Min used a marker to color a square on a balloon and are proceeding to inflate the balloon to observe how the color of the square gets lighter as the balloon is inflated. As Joshua and Maria observe Tom and Min, they get the idea to do the same, but use their cell phones to video their balloon as it is inflated so that they will have a permanent record to share with the class. Julia and Tae realize that Joshua and Maria have a good idea, but are lacking a scale, and improve upon their design by including a ruler in the background. Mr. H subsequently asks all three teams to share their ideas, and then asks Julia and Tae to wirelessly send their movie to the data projector so the class can observe the model (CA CCSS-ELA SL.11-12.5). Students now estimate the surface area of the balloon at three different radii and note how the intensity of the marker color decreases significantly with increasing radius.

Once again, Mr. H opens a cloud-based form, asking students to explain what they observed and learned through this activity. Mr. H checks the responses and selects students to engage in Socratic questioning based on their submissions. He leads the class in the development of a collective model of the inverse square law and an understanding of how it applies to forces such as gravity and electrostatic forces. Mr. H emphasizes the value of collaboration and the iterative process of designing, building, testing, analyzing, and redesigning in engineering endeavors (the nature of science CCC that “Science is a human endeavor”). Students now complete an online quiz in which they use mathematical [SEP-5] representations of Newton’s Law of Gravitation and Coulomb’s Law to describe and predict the gravitational and electrostatic forces between objects (HS-PS2-4).
For many years, scientists considered electric and magnetic forces to be independent of each other, but in 1819, Hans Christian Øersted discovered that electric current generates a magnetic force, and in 1839, Michael Faraday showed that magnetism could be used to generate electricity. Finally, in 1860, James Clerk Maxwell derived equations to show how electricity and magnetism are related. Students will follow in their footsteps to plan and carry out investigations [SEP-3] that illustrate the relationship between electricity and magnetism (HS-PS2-5). 
Students might recreate Øersted’s simple investigation [SEP-3] in which he noticed that a compass needle would be deflected from magnetic north when an electric current passed through a wire that was held above the magnet (Figure 6I‑5A). They can be given the challenge of getting the compass needle to deflect a fixed amount (e.g., so that it points northeast at 45° instead of north). They will need to explore what happens when they change the direction of the wire, the voltage through the wire, or the number of winds of the wire around the compass (Figure 6I‑5B) or move the compass to different locations around the wire (Figure 6I‑5C). Students should then be able to create an informative poster communicating [SEP-8] how each of these variables affects [CCC-2] the compass needle.

Figure 6I‑5. Magnetic Fields and Electric Currents
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(A and B): Øersted’s experiment illustrates that an electric current generates a magnetic field. (C): Sensitive compasses can detect the magnetic field surrounding a current-carrying wire. (D): Moving a looped wire through a magnetic field generates a current within the wire. (E): Moving a magnet through a looped wire generates an electric current. Source: Privat-Deschanel 1876; Others.

After gathering evidence that an electric current creates a magnetic field, students should investigate if the reverse is also true. They plan and carry out an investigation [SEP-3] to see if a changing magnetic field can induce an electric current. The simplest investigation requires connecting a galvanometer in a loop and moving the far side of the loop back and forth between two strong magnets (Figure 6I‑5D). Students will observe the galvanometer needle deflect in opposite directions depending on which way the wire is moved (indicating that the electric current flows in different directions as the wire moves different directions). Students can use this equipment to explore other variables. For example, they may coil the wire and move the magnet through the center of the coil and see a similar response (Figure 6I‑5E). This principle is important for creating electric generators. While students may not be able to make that leap themselves, they should be able to construct an explanation [SEP-6] about how this principle could be used to make a generator in which there is a constant flow of electricity. Their explanation could rely on diagrams (pictorial models [SEP-2]). 
Up to this point, this IS has focused on interactions between different objects via electrostatic, electromagnetic, and gravitational forces. Now, students look at how forces work within materials at the microscopic level in order to explain macroscopic properties. In the middle grades, students developed conceptual models of atoms and molecules making up the structure [CCC-6] of solids, liquids and gases. Here they develop and refine those models [SEP-2], and understand that the stability [CCC-7] and properties of solids depend on the electromagnetic forces between atoms, and thus on the types and patterns [CCC-1] of atoms and molecules within the material. 
Most collegiate STEM education is highly departmentalized, with students majoring in biology, chemistry, geology, astronomy, physics, engineering, mathematics, or related fields. Students may inadvertently assume that particular topics belong to one domain or another and may fail to see the elegance and power of crosscutting concepts that have applications in a variety of fields. Teachers and students of physics may therefore have difficulty understanding the relevance of HS-PS2-6 which focuses on how the “molecular-level structure is important in the functioning of designed materials.”  This PE sounds like it belongs in a chemistry course because it deals with “molecular-level structure” or perhaps in engineering because it deals with the “functioning of designed materials.” In reality, this performance expectation, like many, can be equally valuable in many different disciplines of science and engineering. An emphasis on material strength allows this content to flow well from the previous material in this course.
Students can begin by investigating [SEP-3] materials with macroscopic structure such as rope, yarn, knitted fabrics, individual clay bricks, clumps of soil, wood, or handmade paper. Students can sort the objects based on common patterns [CCC-1] in their structures. Rope, yarn, and wood all have fibers that run dominantly in one direction while knitted fabrics and paper both have fibers going in multiple directions. Clay bricks and clumps of soil have tiny particles in a three dimensional matrix. All materials also have structure at the atomic level. These structures are held together by attractions caused by electromagnetic forces that can be different strengths (just as a clump of soil is weaker than a brick that has a similar internal structure because the attractions holding the soil particles together are weak). Hence, different materials have different properties that are determined by features at the molecular level.

To develop a model of molecular level structure, students must first refine their model of the substructure of an atom. The mass of the atom is determined by its nucleus, but its electronic structure extends far outside the region where the nucleus sits. An important idea here is that the geometric size of more massive atoms is not very different from that of a hydrogen atom. An explanation for this is the fact that the higher charge of the nucleus pulls the electrons more strongly, so though there are more electrons, and their patterns [CCC-1] are more complex, there is a roughly common size scale [CCC-3] for all atoms. Models for materials help make the importance of this fact visible, as students see that you can fit many different combinations of atoms together in space and, thus, make a great variety of molecules and materials. For HS-PS2-6, students need only a qualitative, not quantitative understanding. 
HS-PS2-6 requires students to obtain, evaluate, and communicate information [SEP-8] related to the properties of various materials and their consequent usefulness in particular applications. The role of engineering in this activity is not to make a design, but to use engineering thinking to explain [SEP-6] how the substructure relates to the macroscopic properties of the material and then communicate [SEP-8] that understanding. HS-PS2-6 emphasizes the skills in Appendix M (Connections to the Common Core State Standards for Literacy in Science and Technical Subjects) of the CA NGSS:
Reading in science requires an appreciation of the norms and conventions of the discipline of science, including understanding the nature of evidence used, an attention to precision and detail, and the capacity to make and assess intricate arguments, synthesize complex information, and follow detailed procedures and accounts of events and concepts.  [Students] need to be able to gain knowledge from elaborate diagrams and data that convey information and illustrate scientific concepts. Likewise, writing and presenting information orally are key means for students to assert and defend claims in science, demonstrate what they know about a concept, and convey what they have experienced, imagined, thought, and learned. (NGSS Lead States 2013b)
Students may obtain information [SEP-8] about the molecular-level interactions of various electrical conductors, semiconductors, and insulators to explain why their unique properties make them indispensable in the design of integrated circuits or urban power grids. For example, if students understand that the fundamental structure of metals, such as copper, aluminum, silver, and gold, can be described as a myriad of nuclei immersed in a “sea of mobile electrons,” they can then explain that these materials make good conductors because the electrons are free to migrate between nuclei under applied electromagnetic forces. By contrast, when students investigate the molecular level properties of covalent compounds, such as plastics and ceramics, they should note that these compounds behave as electrical insulators because their electrons are locked in bonds and therefore resistant to the movement that is necessary for electric currents. As students learn to communicate such information, they obtain a better appreciation of cause and effect [CCC-2]. For example, students should be able to explain that electromagnetic interactions at the molecular level (causes) result in properties (effects [CCC-2]) at the macro-level and that these properties make certain materials good candidates for specific technical applications.

Students will build on their model of the structure of atoms from earlier in this IS in IS3 when students explore nuclear processes and nuclear energy.

Instructional Segment 3: Energy (PS1.C, PS3.A,B,C)
According to the NGSS storyline,

The Performance Expectations associated with the topic Energy help students formulate an answer to the question, “How is energy transferred and conserved?” The disciplinary core idea expressed in the Framework for PS3 is broken down into four sub-core ideas: Definitions of Energy, Conservation of Energy and Energy Transfer, the Relationship between Energy and Forces, and Energy in Chemical Process and Everyday Life. Energy is understood as quantitative property of a system that depends on the motion and interactions of matter and radiation within that system, and the total change of energy in any system is always equal to the total energy transferred into or out of the system. Students develop an understanding that energy at both the macroscopic and the atomic scale can be accounted for as either motions of particles or energy associated with the configuration (relative positions) of particles. In some cases, the energy associated with the configuration of particles can be thought of as stored in fields. Students also demonstrate their understanding of engineering principles when they design, build, and refine devices associated with the conversion of energy. The crosscutting concepts of cause and effect; systems and system models; energy and matter; and the influence of science, engineering, and technology on society and the natural world are further developed in the performance expectations associated with PS3. In these performance expectations, students are expected to demonstrate proficiency in developing and using models, planning and carry out investigations, using computational thinking, and designing solutions; and to use these practices to demonstrate understanding of the core ideas. (NGSS Lead States 2013c)
	Physics – Instructional Segment 3: Energy (PS1.C, PS3.A,B,C)

	Guiding Questions:

What is energy and how does it relate to and interact with matter?

How do nuclear reactions illustrate conservation of energy and mass?

What is the relationship between energy and force?

How can you model force fields?

	Students who demonstrate understanding can:

HS-PS1-8 Develop models to illustrate the changes in the composition of the nucleus of the atom and the energy released during the processes of fission, fusion, and radioactive decay. [Clarification Statement: Emphasis is on simple qualitative models, such as pictures or diagrams, and on the scale of energy released in nuclear processes relative to other kinds of transformations.] [Assessment Boundary: Assessment does not include quantitative calculation of energy released. Assessment is limited to alpha, beta, and gamma radioactive decays.]
HS-PS3-2 Develop and use models to illustrate that energy at the macroscopic scale can be accounted for as a combination of energy associated with the motions of particles (objects) and energy associated with the relative position of particles (objects). [Clarification Statement: Examples of phenomena at the macroscopic scale could include the conversion of kinetic energy to thermal energy, the energy stored due to position of an object above the earth, and the energy stored between two electrically-charged plates. Examples of models could include diagrams, drawings, descriptions, and computer simulations.]
HS-PS3-5 Develop and use a model of two objects interacting through electric or magnetic fields to illustrate the forces between objects and the changes in energy of the objects due to the interaction. [Clarification Statement: Examples of models could include drawings, diagrams, and texts, such as drawings of what happens when two charges of opposite polarity are near each other.] [Assessment Boundary: Assessment is limited to systems containing two objects.]
HS-PS3-3 Design, build, and refine a device that works within given constraints to convert one form of energy into another form of energy.* [Clarification Statement: Emphasis is on both qualitative and quantitative evaluations of devices. Examples of devices could include Rube Goldberg devices, wind turbines, solar cells, solar ovens, and generators. Examples of constraints could include use of renewable energy forms and efficiency.] [Assessment Boundary: Assessment for quantitative evaluations is limited to total output for a given input. Assessment is limited to devices constructed with materials provided to students.]
HS-ETS1-1 Analyze a major global challenge to specify qualitative and quantitative criteria and constraints for solutions that account for societal needs and wants. 
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems that can be solved through engineering. 
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics, as well as possible social, cultural, and environmental impacts.
* This performance expectation integrates traditional science content with engineering through a practice or disciplinary core idea.

	The bundle of performance expectations above focuses on the following elements from the NRC document A Framework for K–12 Science Education:

	Highlighted

Science and Engineering Practices

Developing and Using Models

Constructing Explanations and Designing Solutions
	Highlighted

Disciplinary Core Ideas

PS1.C: Nuclear Processes

PS3.A: Definitions of Energy

PS3.B: Conservation of Energy and Energy Transfer

PS3.C: Relationship Between Energy and Forces 
	Highlighted

Crosscutting Concepts

Energy and Matter

Cause and Effect

Influence of Science, Engineering, and Technology on Society and the Natural World 

	Highlighted California Environmental Principles & Concepts:

Principle I The continuation and health of individual human lives and of human communities and societies depend on the health of the natural systems that provide essential goods and ecosystem services.

Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine ecosystems are influenced by their relationships with human societies. 


Perhaps the most unifying crosscutting concept in physics and all other science is the conservation of energy [CCC-5], expressed in the first law of thermodynamics, which states that the total energy of an isolated system is constant and that although energy can be transformed from one form to another, it cannot be created nor destroyed. Conservation of energy [CCC-5] requires that changes in energy within a system [CCC-4] must be balanced by energy flows [CCC-5] into or out of the system by radiation, mass movement, external forces, or heat flow. Students need multiple experiences to build qualitative models [SEP-2] of energy in its various forms (such as thermal, electrical, chemical, wind, and radiant energy) to see that it involves a mixture of particle-motion (subatomic to molecular scale), radiation, and potential energy due to interactions between particles. Students should apply energy concepts to explain and interpret phenomena, such as why your hands get warm when you rub them together or why engines are always less than 100 percent efficient at using the energy of combustion to achieve desired changes in kinetic or potential energy. The general concept that every system transfers energy to the surrounding environment through both contact forces (friction) and radiation must be developed through examples. Once students have explored a variety of energy forms, they can begin to see how they can convert from one to another.
High School Physics Vignette: Energy Conversion
	Performance Expectations

	Students who demonstrate understanding can:

HS-PS3-3 Design, build, and refine a device that works within given constraints to convert one form of energy into another form of energy.* [Clarification Statement: Emphasis is on both qualitative and quantitative evaluations of devices. Examples of devices could include Rube Goldberg devices, wind turbines, solar cells, solar ovens, and generators. Examples of constraints could include use of renewable energy forms and efficiency.] [Assessment Boundary: Assessment for quantitative evaluations is limited to total output for a given input. Assessment is limited to devices constructed with materials provided to students.]
HS-ETS1-1 Analyze a major global challenge to specify qualitative and quantitative criteria and constraints for solutions that account for societal needs and wants. 
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems that can be solved through engineering. 
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics, as well as possible social, cultural, and environmental impacts.
*The performance expectations marked with an asterisk integrate traditional science content with engineering through a practice or disciplinary core idea.


	Highlighted

Science and Engineering Practices

Developing and Using models

Asking Questions and Defining problems 

Planning and Carrying out investigations

Analyzing and Interpreting Data

Constructing Explanations and Designing Solutions
Engaging in Argument from Evidence

Obtaining, Evaluating, and Communicating information
	Highlighted

Disciplinary Core Ideas

PS3.B: Conservation of Energy and Energy Transfer

PS3.A: Definitions of Energy

PS3.D: Energy in Chemical Processes 

ETS1.A: Defining and Delimiting Engineering Problems

ETS1.B: Developing Possible Solutions

ETS1.C: Optimizing the Design Solution

	Highlighted

Crosscutting Concepts

Energy and Matter

Patterns

Cause and Effect
Systems and System Models

Structure and Function 

	Highlighted California Environmental Principles & Concepts:

Principle I The continuation and health of individual human lives and of human communities and societies depend on the health of the natural systems that provide essential goods and ecosystem services.

Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine ecosystems are influenced by their relationships with human societies. 


Introduction

A three dimensional learning environment in the CA NGSS encourages students to reason and plan like scientists and engineers. The following vignette illustrates 3D learning while addressing DCIs related to energy. Although this lesson focuses on the physics of energy conversion (HS-PS3-3), it also touches on all four high school engineering, technology, and applied science standards, as students employ engineering solutions to address complex real world problems. 

Length and position in course – This vignette illustrates a sample two-week learning event in IS3. Prior to this learning event, students have explored various forms of energy including electrical, chemical, kinetic, light, and thermal energies. In addition, they have gained experience developing and using models [SEP-2], and applying the CCC of flows, cycles, and conservation of energy and matter [CCC-5].
5E Lesson Design – This sequence is based on an iterative 5E model. See the Instructional Strategies chapter for tips on implementing 5E lessons.

	Day 1: Energy Conversion in My Life
Students use a phone app to track their personal energy use during daily life and exercise. They relate these energy quantities to the energy in different foods. Students use Rube Goldberg machines as a conceptual model to think about energy conversion.
	Day 2: Patterns in Electricity Usage
Students analyze their home energy usage and look for patterns. They use energy monitoring devices to track energy usage of specific appliances in the classroom.
	Days 3-4: Models of Energy Conversion in The Earth System

Students draw a diagram tracking the flow of energy within the Earth system and tracing it back to the Sun. This pictorial model includes energy conversion processes within both the natural world and built objects.

	Days 5-9: Solar Oven Design Challenge
Motivated by major global problems, students design a device that converts energy from the Sun to thermal energy that can cook food. Students go through an entire design challenge including defining the problem, developing solutions, and optimizing those solutions.
	Day 10: Publish and Learn from Others
Students communicate their design approach to other students in the class. As part of the peer review process of these lab reports, students learn from others and revise their designs for a second competition.
	


Days 1 – Energy Conversion in My Life (Engage)
One of the many ways to engage students in learning is to introduce them to surprising and interesting facts and concepts related to a topic of personal relevance. High school students are familiar with food and sports, but may have little understanding about the energy-based connections between them. For example, they have probably never pondered how many French fries must be consumed to provide enough energy to run a 5K race. To engage students in a lesson on energy conversion, Mr. H provides an activity that will help answer such questions. 
Students with smart phones are encouraged to download free cell-phone GPS-tracking apps (e.g., Strava®) that map routes, analyze motion, and estimate energy expenditure. He then encourages them to activate the app while walking, jogging, or cycling and to submit their results anonymously to a common database. The results are subsequently posted on a lesson website and students are asked to rank the various activities in terms of energy expenditure. On the same webpage, students find a link to a website that provides nutritional information for various fast foods. Mr. H then directed to select foods and portions that will provide equivalent energy content to fuel selected activities. As the lesson progresses, one can hear exclamations such as “Wow, I had no idea that a medium fries could give me enough energy to walk for nearly two hours!” or “Oh no, I need to run 40 minutes just to burn off the 380 Calories I acquired from those fries!”  Such comments indicate that the students are engaged in the lesson and now ready to talk about explore the concept of energy conversion. 
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A screenshot from ®Strava showing students’ movement with a 2D map, elevation profile, speed profile, and estimated energy expenditure for various exercises. Source: Strava 2015.

Prior to the exploration phase, students watch online videos of modern Rube Goldberg machines. Rube Goldberg machines are purposely over-engineered contraptions that perform simple tasks through indirect, convoluted means. For example, Goldberg’s "Self-Operating Napkin" is activated when soup spoon (A) is raised to mouth, pulling string (B) and thereby jerking ladle (C), which throws cracker (D) past parrot (E). The parrot jumps after cracker and perch (F) tilts, upsetting seeds (G) into pail (H). Extra weight in pail pulls cord (I), which opens and lights automatic cigar lighter (J), setting off skyrocket (K) which causes sickle (L) to cut string (M) and allow pendulum with attached napkin to swing back and forth, thereby wiping chin. These amusing devices engage learners and provide an opportunity to discuss processes of energy transfer through a long series of events or interactions.
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Rube Goldberg machines, such as (a) the Self-Operating Napkin, or (b) the immensely popular internet video “This too shall pass” by Mindshare LA. Source: OK Go 2014.

Day 2 – Patterns in Electricity Usage (Explore)
Today, students investigate processes of energy conversion with inanimate objects. Returning to the class assignment Web page, students find a form prompting them for information regarding energy consumption in their homes. Students record the amount of energy consumed during a 24-hour period (as reported on their home electric meters) as well as the approximate number of minutes each light, appliance, and utility was operating during this period. As Mr. H projects students’ energy usage on the board, they observe a huge range. Mr. H asks students, “What questions do you have when you see such a large range like this?” The questions start general (“What causes the differences?”), but Mr. H prompts students to ask more specific questions that they might be able to answer using their data (i.e., “Can we predict the amount of energy used knowing just the number of minutes lights were on?”, and “Do people that watch more TV use more energy overall?”). Students open up the collaborative spreadsheet containing all their data and start to analyze the data [SEP-4] for patterns [CCC-1] that might answer their questions. 

While they are able to identify some trends, they decide they need more specific measurements of energy usage. Mr. H introduces them to a device that monitors electricity usage of any appliance plugged into it (e.g., Kill a Watt®). They place devices on the data projector, fan, instructor computer, and other electric-powered devices within the classroom and record the amount of energy each uses during the class period. Students report the energy usage in an online form that also asks them to identify the energy conversions that each device accomplishes. For example, fans convert electrical energy into the kinetic energy of the fan blades, while a toaster converts electrical energy to heat energy, and a data projector converts electrical energy to light energy. When looking at the data, students try to identify patterns [CCC-1] – devices that generate a lot of heat seem to use more energy. Students decide to take turns bringing the devices home to figure out which appliances use the most electricity in their own households.
Days 3–4 – Models of Energy Conversion in The Earth System (Explain)
Based upon their discoveries during the exploration phase, students generate explanations [SEP-6] regarding energy conversion processes. They begin by revisiting a task they completed in Grade 5, draw a pictorial model [SEP-2] tracing the flow of energy [CCC-5] within the Earth system [CCC-4] back to the Sun. At this level, their model now tracing energy the flow of energy from the thermonuclear energy in the Sun, includes the chemical potential energy changes in combustion reactions, and describes the energy conversion in cars, computers, and TV’s. 
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Learners can generate explanations of energy conversion processes using flow charts and other types of concept maps. Source: Herr 2008, 180.
Students now observe and analyze demonstrations, diagrams, and simulations to better understand the physics of energy conversion in such things as waterwheels (gravitational potential to kinetic), photovoltaic cells (solar to electric), solar ovens (solar to thermal), generators (mechanical to electrical), wind turbines (kinetic to electrical), heating coils (electrical to thermal), burners (chemical potential to thermal), motors (electrical to mechanical), and loud speakers (electromagnetic to sound). Note that each of the above can be applied to the task of designing, building, and refining an energy conversion device that meets the demands of HS-PS3-3.

Students gain further understanding of energy transfer by manipulating variables and observing effects [CCC-2] in online simulations
. Mr. H assess student understanding of energy conversion by offering quizzes associated with these simulations
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Online simulations provide the opportunity to quickly manipulate variables and observe and study effects of complex systems. Source: PhET Interactive Simulations 2015.
Day 5–9 – Solar Oven Design Challenge (Extend, Elaborate)
Now that students have a basic understanding of the physics of energy transfer, they are prepared to address performance expectation HS-PS3-3, which extends student understanding of energy conversion by requiring learners to “design, build, and refine a device that works within given constraints to convert one form of energy into another form of energy.” 

Mr. H introduces this lesson with a series of statistics and photos on the global ecological problem of deforestation, and then reads the following paragraph from the World Wildlife Federation: 
Forests cover 31% of the land area on our planet. They produce vital oxygen and provide homes for people and wildlife. Many of the world’s most threatened and endangered animals live in forests, and 1.6 billion people rely on benefits forests offer, including food, fresh water, clothing, traditional medicine, and shelter. But forests around the world are under threat from deforestation, jeopardizing these benefits. Deforestation comes in many forms, including fires, clear-cutting for agriculture, ranching and development, unsustainable logging for timber, and degradation due to climate change. This impacts people’s livelihoods and threatens a wide range of plant and animal species. Some 46–58 thousand square miles of forest are lost each year—equivalent to 36 football fields every minute. Forests play a critical role in mitigating climate change because they act as a carbon sink—soaking up carbon dioxide that would otherwise be free in the atmosphere and contribute to ongoing changes in climate patterns [CCC-1]. Deforestation undermines this important carbon sink function. It is estimated that 15% of all greenhouse gas emissions are the result of deforestation. (WWF 2015)

Mr. H then discusses the problem of desertification, the process in which fertile land is transformed into desert as a result of deforestation, drought or inappropriate agriculture, and explains that some desertification in developing countries results from people cutting and burning vegetation for fuel (CA EP&C I, II). Those who do not have access to natural gas, coal, or electricity, collect and burn firewood to keep warm, cook food, and purify water. Their resource extraction exacerbates the problem of deforestation and desertification, but they also put their own health at risk when they burn wood inside their homes and breathe the exhaust. Mr. H shows students a video that describes how as many as four million people die each year from illnesses related to inhaling this smoke
. The problems of deforestation and the health impacts of indoor cooking are examples of the kind of complex real-world problems that students are expected to analyze to meet performance expectation HS-ETS1-1. Mr. H then explains that a number of organizations are encouraging the use of solar cookers in developing countries to reduce the need for firewood and then proceeds with the following solar cooker engineering challenge. Breaking down a complex real-world problem into manageable problems that can be solved through engineering is the skill called for in HS-ETS1-2.
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Source: NGSS Lead States 2013a.

Solar Cooker Engineering Challenge 

All engineering projects have criteria for success as well as constraints in design and construction. Mr. H introduces the criteria and constraints of this activity in the context of the CA NGSS high school engineering cycle. First, the problem is defined as a competition:  Design and build a solar cooker that reaches a higher temperature in ten minutes than any other design. Student engineers must direct the maximum amount of sunlight to the food by reflection where it is converted to thermal energy. In addition, they must employ insulation to minimize heat loss from the food. To emphasize engineering constraints, students must design their solar ovens using only resources provided by the instructor, in quantities specified by the instructor. Mr. H presents a variety of resources including scissors, string, straws, infrared thermometers, cardboard boxes, tape, aluminum foil, plastic food wrap, paint of various colors, paint brushes, poster board, brass brads, pencils, nuts, bolts, stiff copper wire, wire cutters, small mirrors, rubber cement, white glue, duct tape, utility knife, felt marker, meter sticks, oven bags, paper, and chocolate squares. Before students can start the build, they must submit a digital photo of their design with a rationale for all of its features. Once plans are approved by the instructor, students are given the opportunity to implement and test their designs. The minimum criteria for success is the ability to melt chocolate squares within ten minutes of exposure to the sunlight. (Note that the amount of time is variable depending on air temperature and the amount of solar radiation.) Although many oven designs may be successful in meeting this basic criteria, there is competition for the hottest oven, as measured through the use of infrared thermometers. During this process, students will touch upon ideas that relate to PEs in other disciplines, including heat flow within systems (HS-PS3-4) and convection (HS-ESS2-3) and the fact that a property of waves is that they can reflect (HS-PS4-3). The background information required is tangential to each of those PEs but could provide some background that helps students achieve them.
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Sample designs for solar ovens for converting light energy into thermal energy. Students can get ideas for optimizing their own designs by examining the designs of their peers. Source: Herr 2008, 180.
Day 10 – Publish and Learn from Others (Evaluate) – Once the competition is complete, students write lab reports that communicate [SEP-8] their design, rationale, results, and recommendations for improvement. The lab reports are presented in collaborative online documents that are shared with their classmates. 

Students are then instructed to read the online lab reports of their classmates and re-design their solar ovens based upon this “published” data. They must edit their online lab reports to include the new designs with written justifications, making certain to cite the findings and lab reports of their peers. Mr. H evaluates the reports based on how well the students described how the structure of their solar oven made it convert energy more efficiently into usable heat for cooking. He evaluates their ability to communicate using academic language and incorporate relevant ideas related to thermal energy and the energy conversion process such as radiation, reflection, conduction, convection, insulation, temperature, and energy transfer.

Optimization - A second competition is scheduled and once again students record maximum temperatures and write addendums to their lab reports to describe features employed to optimize their designs. Following the second competition, students record and compare their results. Next, they are allowed to change [CCC-7] only one variable at a time, recording the maximum temperature attained with each change and evaluating the effect [CCC-2] of each change [CCC-7]. After three adjustments, a third competition is conducted. This iterative process of designing, building, testing, analyzing, and redesigning is illustrative of the competence described in HS-ETS1-3, which also includes the idea that even successful designs must be socially and culturally acceptable and have minimal environmental impacts. 

Vignette Debrief

In order to complete the design challenge, students need an understanding of the disciplinary core ideas (DCI) related to energy (PS3.A, PS3.B, PS3.D). In addition, they rely on their ability to apply all three Engineering, Technology, and Applications of Science DCIs. They define and delimit the engineering problem (ETS1.A) while setting criteria and constraints for their solar ovens. They then develop possible solutions (ETS1.B) and share their findings with the class. Finally, students optimize their design solutions (ETS1.C) using evidence from their own experiments as well as those of others. 

As students proceed through the engineering cycle in this activity, they employ most of the CA NGSS SEPs. First they define the problem [SEP-1] to develop the most efficient solar oven given constraints of resources and time. Next, they develop and employ models [SEP-2] as they design and build their solar ovens. They then plan and carry out investigations [SEP-3] to determine the rate at which their solar oven will heat food. They then analyze and interpret data [SEP-4] of their classmates to determine factors related to the efficiency of solar oven designs. Using this data and concepts of energy transfer (HS-PS3-3), they construct explanations and design improved solutions [SEP-6] and engage in arguments from evidence [SEP-7] to defend their new designs. Throughout the activity, they obtain and evaluate the data of others [SEP-8] and communicate their own findings [SEP-8]. 

This vignette has a clear focus around the flow of energy [CCC-5], but they also employ other CCCs. Students look for patterns [CCC-1] in data as they examine each other’s lab reports prior to the redesign of their ovens. After evaluating such data, they defend their redesigns by providing arguments of presumed cause and effect [CCC-2]. Finally, they describe the structure and function [CCC-6] of their designs as they develop and explain their models [SEP-2] of energy transfer. 

Mr. H’s lessons address three of the four high school ETS PEs. This lesson addresses the global challenges (HS-ETS1-1) of deforestation and desertification. Students address these complex real-world problems as they design solar ovens, examining the effect [CCC-2] of single variables at a time (smaller, more manageable problems) (HS-ETS-2). Finally, each of the solar ovens is designed and built within specified constraints (HS-ETS-3). The fourth performance expectation involves use of a computer simulation to model the impact of proposed solutions for a complex real-world problem, which could certainly be added to these activities.

While students have direct experience with many of the forms of energy discussed so far, processes at the atomic scale also exhibit principles of the conservation of energy and matter [CCC-5]. Nuclear fission, fusion, and radioactive decay of unstable nuclei involve the release or absorption of energy, though student. These nuclear processes play a role in many phenomenon, such as nuclear power generation, nuclear medicine, nuclear fusion in stars, and radiometric dating. Students probably have some preconceptions about nuclear processes from popular culture. Teachers should motivate this section by finding out what students know and then try to focus instruction around addressing that knowledge. How does radiation cause cancer? What makes nuclear waste hazardous? How does burying it underground help protect us from these hazards? 

Performance expectation HS-PS1-8 states that students should be able to develop models [SEP-2] to illustrate the changes [CCC-7] in the composition of the nucleus of the atom and the energy released during the processes of fission, fusion, and radioactive decay. Such models could be in the form of equations or diagrams of fission, fusion, and alpha, beta, or gamma radioactive decay (Figure 6I‑6). Although it is not necessary to include quantitative calculations, the models [SEP-2] should include both and energy flows and particles and convey the scale [CCC-3] of energy involved in these processes. These concepts can generally not be explored in direct experimentation in the classroom, so students will need to analyze data [SEP-4] from external sources and simulations to develop these models. Students can start to see that nuclear fission could be more ‘dangerous’ than alpha decay because the mass of the particles and energy releases differs so dramatically. For example, an alpha particle is relatively tiny and is ejected with much less kinetic energy than the fast moving and massive fission products. How do other radiation sources compare?

Figure 6I‑6. Models of Nuclear Processes in Atoms
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Sources: Pares Space Warp Research 2015; Thomas Jefferson National Accelerator Facility – Office of Science Education 2015.
Students must revise their conceptual model [SEP-2] of matter and energy [CCC-5] in order to explain [SEP-6] nuclear processes. They apply the principle of mass-energy equivalence (E=mc2) to revise the view that matter is conserved as atoms, to a more accurate view that the number of nucleons (sum of protons and neutrons) is conserved. Neither mass nor the number of atoms of each type is conserved in nuclear processes. Although such mass conservation “laws” are applicable to gravitational and electromagnetic processes they must be revised and refined as students examine nuclear processes. This revision and refinement process should be stressed as an aspect of the nature of science.

Given that energy is conserved, then it follows that the energy we measure at a macroscopic scale [CCC-3] must be accounted for as a combination of energy of its component parts at the microscopic scale. Performance expectation HS-PS3-2 states that students should be able to “develop and use models [SEP-2] to illustrate that energy at the macroscopic scale [CCC-3] can be accounted for as a combination of energy associated with the motions of particles (objects) and energy associated with the relative position of particles (objects).” In other words, the sum of the kinetic and potential energy of component particles (energy of motion and position) must total the bulk energy measured at the macroscopic level. Using diagrams, drawings, descriptions, and/or computer simulations, students should be able to illustrate this summative relationship. This performance expectation is designed to help students bridge concepts traditionally associated with chemistry (e.g., the energy of atoms and molecules) with the concepts traditionally associated with physics (e.g., the energy of macroscopic objects).

Energy is the capacity for doing work and may exist in potential, kinetic, thermal, electrical, chemical, nuclear, or other various forms. Energy is a property of matter that can be modeled [SEP-2] in “fields,” or regions, which surround matter and are influenced by matter. A gravitational field is a model used to explain the influence that mass extends into the surrounding space, yielding attractive forces on surrounding masses. Similarly, an electric field is a model used to explain the influence that a charge extends into the surrounding space, yielding attractive or repulsive forces on surrounding charges. Similarly, a magnetic field is a region around a magnetic material or a moving electric charge within which the force of magnetism acts. 

HS-PS3-5 states that students should be able to “develop and use a model of two objects interacting through electric or magnetic fields to illustrate the forces between objects and the changes in energy of the objects due to the interaction.” For example, students can map a magnetic field surrounding a bar magnet by placing magnetic compasses at various points in the region surrounding the magnet. At each point tested, the compass shows the direction of the magnetic field (Figure 6I‑7A). They can then investigate the strength of the magnetic field by sprinkling iron filings on a glass plate that lies on top of the bar magnet (Figure 6I‑7B). As they tap on the plate, the filings align with the magnetic field, with greater concentrations moving to those locations where the field is strongest. Equipped with data on the direction and relative magnitude of the field, students can draw a pictorial model [SEP-2] of the magnetic field using vectors at various locations surrounding the bar magnet. In such a model, the direction of the arrows indicates the direction of the field, while the length of these arrows indicates its magnitude. 

Figure 6I‑7. Investigating Magnetic Fields
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Students can investigate magnetic fields with such things as (A) compasses, (B) magnets and iron filings, or (C) apps on mobile devices. Sources: Mini Physics 2015; Brown University Wiki 2014; Magnetometer app screenshot.
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Engineering Connection: Build an Energy Conversion Device
Humans are natural engineers. We learn to modify our environment to solve specific problems, as seen when a child moves a chair to access the cookie jar or when a young person designs props for the school play. Engineering skills can be developed while studying science, as students define and design solutions to real-world problems in chemistry, physics, biology, and the earth and space sciences. Science students can demonstrate competence in all three phases of the engineering process:  defining problems [SEP-1], designing solutions [SEP-6] to these problems, and optimizing design solutions. HS-PS3-3 requires students to “design, build, and refine a device that works within given constraints to convert one form of energy into another form of energy.” Equipped with a basic understanding of the laws of thermodynamics, students understand that energy can be converted from less useful forms to more useful forms. This PE challenges students to design and build devices such as wind turbines, solar ovens, or electric generators to transform energy from less useful forms, such as wind, sunlight, or motion, into electricity, the most convenient and useful form of energy in our modern world. 

Students deepen their understanding of the science core ideas as they increase their competence in engineering design through such activities. Students should first consider the major global challenge of providing affordable electrical energy (HS-ETS1-1). Designing, building, and improving energy conversion devices that are more efficient or that pollute less involves breaking down the complex global problem into more manageable problems that can be solved through engineering (HS-ETS1-2). In the laboratory, students learn to work within engineering constraints as they strive to maximize efficiency (minimize energy loss) while designing and building devices with limited resources in a limited timeframe. Students can measure outputs and then refine their designs to maximize efficiency given constant inputs. As they make decisions, students need to keep in mind prioritized criteria and trade-offs (HS-ETS1-3).  As a follow-up to the laboratory, students can explore the acceptability of different solutions to the global energy problem, taking into account social, cultural, and environmental impacts (HS-ETS1-3). Students can also utilize existing computer simulations to investigate the impact of different energy solutions (HS-ETS1-4).

Instructional Segment 4: Waves and Electromagnetic Radiation (PS4.A)

In this Instructional Segment, students build basic mathematical models [SEP-2] of waves, understand how these models relate to and predict certain properties of actual physical waves, and learn the influence of waves in the natural world as well as how waves are employed in a variety of technologies. Students learn how analog technologies encode information as superpositions of waves (e.g., radio signals) while digital technologies encode information as waves pulses. 
	Physics – Instructional Segment 4: Waves and Electromagnetic Radiation (PS4.A)

	Guiding Questions:

How can we describe waves in a way that helps us predict their behavior?

How have humans harnessed electromagnetic radiation to fuel innovations, both literally and figuratively?

Is electromagnetic radiation dangerous?

	Students who demonstrate understanding can:
HS-PS4-1  Use mathematical representations to support a claim regarding relationships among the frequency, wavelength, and speed of waves traveling in various media. [Clarification Statement: Examples of data could include electromagnetic radiation traveling in a vacuum and glass, sound waves traveling through air and water, and seismic waves traveling through the Earth.] [Assessment Boundary: Assessment is limited to algebraic relationships and describing those relationships qualitatively.]

HS-PS4-3  Evaluate the claims, evidence, and reasoning behind the idea that electromagnetic radiation can be described either by a wave model or a particle model, and that for some situations one model is more useful than the other. [Clarification Statement: Emphasis is on how the experimental evidence supports the claim and how a theory is generally modified in light of new evidence. Examples of a phenomenon could include resonance, interference, diffraction, and photoelectric effect.] [Assessment Boundary: Assessment does not include using quantum theory.]

HS-PS4-4  Evaluate the validity and reliability of claims in published materials of the effects that different frequencies of electromagnetic radiation have when absorbed by matter. [Clarification Statement: Emphasis is on the idea that photons associated with different frequencies of light have different energies, and the damage to living tissue from electromagnetic radiation depends on the energy of the radiation. Examples of published materials could include trade books, magazines, web resources, videos, and other passages that may reflect bias.] [Assessment Boundary: Assessment is limited to qualitative descriptions.]

HS-PS4-5  Communicate technical information about how some technological devices use the principles of wave behavior and wave interactions with matter to transmit and capture information and energy.* [Clarification Statement: Examples could include solar cells capturing light and converting it to electricity; medical imaging; and communications technology.] [Assessment Boundary: Assessments are limited to qualitative information. Assessments do not include band theory.]

HS-PS4-2 Evaluate questions about the advantages of using a digital transmission and storage of information. [Clarification Statement: Examples of advantages could include that digital information is stable because it can be stored reliably in computer memory, transferred easily, and copied and shared rapidly. Disadvantages could include issues of easy deletion, security, and theft.]
*The performance expectations marked with an asterisk integrate traditional science content with engineering through a practice or disciplinary core idea.

	The bundle of performance expectations above focuses on the following elements from the NRC document A Framework for K–12 Science Education:

	Highlighted

Science and Engineering Practices

Using Mathematics and Computational Thinking 

Engaging in Argument from Evidence

Obtaining, Evaluating and Communicating Information

Asking Questions and Defining Problems
	Highlighted

Disciplinary Core Ideas

PS4.A: Wave Properties

PS4.B: Electromagnetic Radiation

PS4.C: Information Technologies and Instrumentation

ETS1.A: Defining and Delimiting Engineering Problems
	Highlighted

Crosscutting Concepts

Cause and Effect

Systems and System Models

Interdependence of Science, Engineering, and Technology

Influence of Engineering, Technology, and Science on Society and the Natural World

Stability and Change


According to the NGSS Storyline: 

The Performance Expectations associated with the topic Waves and Electromagnetic Radiation are critical to understand how many new technologies work. As such, this disciplinary core idea helps students answer the question, “How are waves used to transfer energy and send and store information?” The disciplinary core idea in PS4 is broken down into Wave Properties, Electromagnetic Radiation, and Information Technologies and Instrumentation. Students are able to apply understanding of how wave properties and the interactions of electromagnetic radiation with matter can transfer information across long distances, store information, and investigate nature on many scales. Models of electromagnetic radiation as either a wave of changing electric and magnetic fields or as particles are developed and used. Students understand that combining waves of different frequencies can make a wide variety of patterns and thereby encode and transmit information. Students also demonstrate their understanding of engineering ideas by presenting information about how technological devices use the principles of wave behavior and wave interactions with matter to transmit and capture information and energy. The crosscutting concepts of cause and effect; systems and system models; stability and change; interdependence of science, engineering, and technology; and the influence of engineering, technology, and science on society and the natural world are highlighted as organizing concepts for these disciplinary core ideas. In the PS4 performance expectations, students are expected to demonstrate proficiency in asking questions, using mathematical thinking, engaging in argument from evidence, and obtaining, evaluating and communicating information; and to use these practices to demonstrate understanding of the core ideas. (NGSS Lead States 2013c)
In many physics books, light, sound, and other wave phenomena are described as “ways energy is transmitted without an overall flow of matter.” Such descriptions are important for understanding such things as the transmission of energy from nuclear reactions in the Sun across space to the photosynthetic cells of plants or the transmission of sound energy from a performer on stage through the air to listeners throughout an auditorium. A second aspect of light, sound, and other wave phenomena is also important, namely that they encode information and, hence, are a critical tool for how we learn about and interact with the world around us. Waves not only provide information to our natural senses, as stressed in earlier grades, but also for the tools and technologies that we build and use. Starting from telescopes and microscopes (optics and lenses) and going on to computers, cell phones, and ever more refined measurement and observation tools in science laboratories and hospitals, we have engineered sophisticated devices that rely on the properties of light and sound. In other words, the study of waves illustrates the interdependence of science, engineering, and technology [CCC on nature of science]. The science of waves has made it possible to develop myriad technologies, while the development of new technologies that sense waves has made it possible to make new discoveries in science.
Students started developing models of wave amplitude and wavelength in grade four (4-PS4-1A) and extended those models to include simple mathematical representations of waves in the middle grades (MS-PS4-1). Now, students extend this model further to include mathematical representations [SEP-5] of waves, including relationships involving their speed and frequency. 

At the high school level, students can describe a wave as a disturbance or oscillation that transmits energy without transmitting matter. Mechanical waves travel through a medium, temporarily deforming the material. Restoring forces caused by elastic properties in the medium then reverse this deformation. For example, sound waves in the atmosphere propagate when molecules in the air hit neighboring particles and then recoil to their original condition. These collisions prevent particles from traveling in the direction of the wave, ensuring that energy is transmitted without the movement of matter. The second type of wave, electromagnetic, does not require a medium for transmission. Electromagnetic waves consist of periodic oscillations of electrical and magnetic fields. Electromagnetic waves can travel through empty space. The frequency (or conversely, the wavelength) of electromagnetic waves determines the properties of the waves. There is a spectrum of electromagnetic radiation from the lowest frequency radio waves to microwaves, infrared radiation, visible light, ultraviolet radiation, X-rays, and up to the highest frequency gamma rays (Figure 6I‑8). Different frequency electromagnetic waves haves different uses. Gamma rays are used to kill cancer cells in radiation therapy, X-rays are used to create noninvasive medical imagery, ultra-violet light is used to sterilize equipment, visible light is used for photography, infrared light is used for night vision, microwaves are used for cooking, and radio waves are used for communication. Plants capture visible electromagnetic radiation (sunlight) and use the energy to fix carbon into simple sugars during photosynthesis. 
Figure 6I‑8. The Electromagnetic Spectrum
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As students learn the physics of electromagnetic radiation, they also should learn the variety of applications that improve our quality of life, a few of which are illustrated in this diagram. Source: Lightsources 2015.
HS-PS4-1 states that students should be able to “use mathematical [SEP-5] representations to support a claim regarding relationships among the frequency, wavelength, and speed of waves traveling in various media.”  For example, students should be able to evaluate the claim that doubling the frequency of a wave is accomplished by halving its wavelength. To evaluate such claims, students should be able to work with some basic equations such as v  =  ƒλ (where v = wave velocity, f = frequency, and λ = wavelength), given that f = 1/T (where T = the period of the wave). Students should be able to solve for frequency, wavelength, or velocity given any of the other two variables. It is important that students realize that the equation for periodic waves is applicable to both mechanical and electromagnetic waves. For example, it can be used to describe seismic waves moving through different types of rock, sound waves traveling through air and water, visible light traveling through air and glass, and water waves moving through deep and shallow water. 
Even though electromagnetic radiation can clearly be described using waves and its behavior in most situations can be predicted using this model, over the years scientists have discovered certain cases where light acts more like collection of discrete particles than a wave. Students obtain, evaluate, and communicate information [SEP-8] pertaining to the wave/particle duality of electromagnetic radiation, which has been one of the great paradoxes in science (HS-PS4-3). As early as the 17th century, Christiaan Huygens proposed that light travels as a wave, while Isaac Newton proposed that it traveled as particles. This apparent paradox ultimately led to a complete rethinking of the nature of matter and energy [CCC-5]. Taken together, the work of Max Planck, Albert Einstein, Louis de Broglie, Arthur Compton and Niels Bohr and many others suggests all particles also have a wave nature, and all waves have a particle nature. Students examine experimental evidence that supports the claim that light is a wave phenomenon, and evidence [SEP-7] that supports the claim that light is a particle phenomenon. After analyzing and interpreting data [SEP-4] from classic experiments on resonance, interference, diffraction and the photoelectric effect, students should be able to construct an argument [SEP-7] defending the wave/particle model of light. 
One of the primary evidences for the particle nature of light is the photoelectric effect, the observation that many metals emit electrons when light shines upon them. If light acts as a wave, electrons should be emitted for any frequency of light as long as the amplitude is high enough (i.e., the wave carries enough energy). Data, however, show that electrons are only dislodged for light above a certain threshold frequency, regardless of the intensity of the light. This result suggests that light is actually made of discrete particles (photons). The visual intensity of light depends on the number of particles arriving in a given time, but an electron only gets dislodged when an individual photon crashes into the metal with energy greater than the energy that binds the electron to the metal. Each photon has energy (E) proportional to its frequency (f). Expressed algebraically, we now accept that E = hf where h is Planck’s constant (a physical constant from quantum mechanics). Students can make a physical model [SEP-2] of the photoelectric effect with water representing continuous waves of light energy and different size marbles and ball bearings representing different frequencies of discrete photons of light energy. Additional marbles gently taped to a table top represent the electrons bound to the metal. Under the wave model of light, the electron marbles should stay still for a tiny stream of water (low intensity light), but will roll away if the water gets poured fast enough (high intensity light). In the particle model of light, intense light can be represented by lots of particles being dropped down at once. If those particles are small like ball bearings, no individual particle has enough energy to dislodge the electron marbles. However, a single large marble (a low intensity light at a high frequency) can dislodge an electron. 

In physics, radiation simply means the emission of energy. In IS3, students created models of radiation related to nuclear processes and asked questions about possible health impacts of that radiation. In IS4, they have examined electromagnetic radiation. Does it have possible health impacts as well? Students know that they can get sunburnt from UV radiation, so it is natural for them to be concerned about the effects of other types of radiation like radio waves from cell phones or wireless internet. HS-PS4-4 requires students to “evaluate the validity and reliability of claims in published materials of the effects that different frequencies of electromagnetic radiation have when absorbed by matter.”  To meet this PE, students can obtain and evaluate information [SEP-8] and arguments put forth in books, magazines, Web sites, and videos. While the damaging effects of high energy gamma rays, X-rays, and ultraviolet rays are well documented, the potentially damaging effects of microwave radiation (which includes the frequencies used by most mobile phones) is much more questionable. Students apply their model of the particle nature of light from the photoelectric effect to evaluate these claims. Microwave photons are lower frequency and therefore lower energy than damaging UV light so they do not have enough energy to break chemical bonds. Students know that they can sit beneath regular lights all day long and not receive a sunburn, so microwaves with even lower energy photons. Just like in the photoelectric effect, these lower energy photons are still absorbed by the body causing it to heat up. Could this slight heating cause health impacts? Students can read an article
 about how to identify credible sources of scientific information in the popular media. Then, each student can search and find one internet resource about the topic. Students then conduct a ‘virtual gallery walk’ where they copy and paste the resource into a collaborative web document and other students make digital comments on the document, highlighting and identifying which aspects of the resource make it more or less credible and where the text refers to scientific concepts from the course. (Students could also print the resources and post them around the room so that peers can comment on them using sticky notes for a physical gallery walk).
Many technological devices rely on electromagnetic radiation to communicate over long distances, but what properties of waves enables people to encode, transmit and capture information? Students obtain information [SEP-8] about these devices and then apply their models of how electromagnetic radiation interacts with matter to create an explanation of how they work. Students must then synthesize their ideas and communicate [SEP-8] this information (HS-PS4-5). Students can focus on a single technology such as solar panels, medical imaging, digital or film photography, radio communication, wireless internet, or many other devices and processes. 

One example of how students might meet HS-PS4-5 would be where students read a story about the historical discovery of X-rays. In 1895, the German physicist, Wilhelm Röntgen, discovered a high energy, invisible form of light known as X-rays. Röntgen noticed that a fluorescent screen in his laboratory began to glow when a high voltage fluorescent light was turned on, even though the fluorescent screen was blocked from the light. Roentgen hypothesized that he was dealing with a new kind of ray that could pass through some solid objects such as the screen surrounding his light. Röntgen had an engineering mind and realized that there could be practical applications of this newly discovered form of radiation, particularly when he made an X-ray image of his wife’s hand, showing a silhouette of her bones. Röntgen immediately communicated his discovery through a paper and a presentation to the local medical society, and the field of medical imaging was born. Students then must find a way to communicate [SEP-8] information like the story of how X-rays work in a poster or short fact sheet that includes labeled diagrams (pictorial models [SEP-2]) illustrating key interactions between waves and matter. They can then orally present their posters to the class. 

HS-PS4-5 requires that students be able to give qualitative explanations [SEP-6] for how X-rays and/or other electromagnetic radiation interact with matter. Students do not need to discuss advanced topics such as Compton or Rayleigh scattering, but they should be able to describe how electromagnetic radiation interacts differentially with matter. For example, X-rays can penetrate soft tissue such as muscles and fat, but are blocked by the inorganic materials in bones, providing a silhouette image of the bones. 
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Engineering Connection: Using Waves to Transmit Information
HS-PS4-5 is closely tied to the ETS standard, HS-ETS1-2, “Design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems that can be solved through engineering.” Students may meet both the physical science and the ETS performance expectations by designing their own devices where electromagnetic waves interact with matter to transmit and capture information. 
As students research different technologies, they should also develop models [SEP-2] of how these devices encode information (not just transmit and receive energy). While Heinrich Hertz is probably the first engineer to develop a radio transmitter, Guglielmo Marconi is usually credited as the ‘father of radio’ because he harnessed radio waves to transmit information. Hertz himself is credited with stating that electromagnetic radiation is “of no use whatsoever….” (Norton 2000, 83). Engineers have learned how to encode information on radio waves in a variety of manners, including pulsating transmission to send Morse Code, modulating frequency in FM radio transmission, modulating amplitude in AM radio transmission, and propagating discrete pulses of voltage in digital data transmission. Wireless transmission has revolutionized human communication and is at the heart of the Information Revolution. 

HS-PS4-2 requires students to “evaluate questions about the advantages of using digital transmission and storage of information.” This performance objective can be met by analyzing and interpreting data [SEP-4] regarding digital information technologies and similarly purposed analog technologies. By comparing and contrasting such features as data transmission, response to noise, flexibility, bandwidth use, power usage, error potential, and applicability, students can assess the relative merits of digital and analog technologies. This performance expectation requires students to ponder the influence of those technologies that have shaped our modern world. As students evaluate digital transmission and storage of information, they begin to understand the influence of science, engineering, and technology on society and the natural world [CCC about the nature of science], learning how scientists and engineers have applied physical principles to achieve technological goals and how the resulting technologies have gained prominence in the marketplace and have influenced society and culture. 
Concept Map of Physics Disciplinary Core Ideas


In meeting the PEs of selected for this unit, instructors must introduce some DCIs as well as build on the DCIs introduced in the middle grades. The figure below shows a concept map with the relationships between DCIs introduced during middle school and high school levels. This concept map is not a conceptual flow with a specific order or sequence, nor is it a comprehensive illustration of all ideas that should be taught in the courses. Nor does it illustrate interdisciplinary connections that should be drawn. It may, however, be helpful in identifying how DCIs build from the middle grades to high school and relate to one another. This map is explicitly placed at the end of the Instructional Segments so that readers view them with a full appreciation of how these DCIs must be explored using the other two dimensions of CA NGSS as outlined in the course above. The concept map is limited to only DCIs, so even if students had a full appreciation of what is in these maps, they also need practice in doing science and engineering (SEPs) and identifying big picture relationships to other disciplines (CCCs).
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