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Outline

• Why transform upper-division quantum mechanics?

• Quantum mechanics course transformation at CU

• What do we want students to learn in upper-division QM?

• What are they really learning?

• Why you should use the QMAT
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Why transform upper-division
quantum mechanics?
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What’s wrong with
upper-division quantum

mechanics?
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What’s wrong with upper-division quantum
mechanics?

After instruction, students often believe that:

• Energy eigenstates are the only allowed states. (Styer,

1996)

• An eigenstate of any operator is a stationary state. (Singh,

2001)

• All allowable quantum states have a definite energy, even
states which are a superposition of energy eigenstates
with different energies. (Singh, 2005)

• When the Hamiltonian acts on a state it is a
mathematical representation of making a measurement of
the energy. (Gire and Manogue, 2008)

• Time development of quantum states (even stationary
states) involves diffusion and/or dissipation. (Crouse, 2007)
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QM Course Transformation at CU
A Brief Overview

• Learning goals†

• Concept tests†

• Homework problems enhanced to include justification of
reasoning, estimation and math - physics connections†

• Cooperative homework sessions

• Tutorials‡

• Quantum Mechanics Assessment Tool (QMAT)

†Available online
‡While some tutorials were developed at CU, many were from the
University of Washington (Shaffer, 2008)
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Upper-Division QM
What do we want students to learn?

Learning Goals:

• Learning goals developed via faculty input (interviews and
meetings)

• Some goals are content specific; e.g.

“Given a wave function and an observable operator, stu-
dents will be able to calculate that operator’s expecta-
tion value.”

• Some goals represent important skills; e.g.,

“Students should be able to sketch physical parameters
(e.g., wave function, potential, probability distribution),
as appropriate for a particular problem.”

• Eighteen faculty members contributed their time and
expertise to this process.
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What are they learning?
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Learning Part 1: Design of the QMAT

• QMAT goals:

- Reflect faculty learning goals
- Probe students’ conceptual understanding or

sense-making skills
- Provide assessment of student learning
- Act as a tool to help guide faculty efforts at improving

QM instruction.

• The QMAT consists of 14, mostly free-response questions
containing 28 separate question items.
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Learning Part 2: QMAT Development

• Five students were interviewed during QMAT question
development in order to elicit student learning difficulties.
Twenty-one students were interviewed to assess question
validity.

• Several QMAT questions came from previous research.
(Gire and Manogue, 2008; Singh, 2001; Crouse, 2007; Singh, 2008;

Cataloglu and Robinett, 2002)

• QMAT v1 was administered during the last week of class
in the Fall 2008 semester. (N = 27)

• Revised version given in April, 2009. (N = 36)
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Learning Part 3: QMAT Results

QMAT results from April, 2009
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Learning Part 4:
QMAT Measurement Problem†

A particle in an infinite square well starts in a state given by

Ψ(x , t = 0) =

(√
4

5
u1(x) +

√
1

5
u2(x)

)
.

a) You make an energy measurement on this system and find
the maximum possible value for the energy. What is the
state, ψ(x), of the system after this measurement?

†Developed from Crouse (2007) and Singh (2008).
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Learning Part 4:
QMAT Measurement Problem

†

a) You make an energy measurement on this system and find
the maximum possible value for the energy. What is the
state, ψ(x), of the system after this measurement?

72% correct, (Ψ(x , t) = u2(x)e−iE2t/~)

“u1 because it has the highest probability”
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Learning Part 4:
QMAT Measurement Problem

†

A particle in an infinite square well starts in a state given by

Ψ(x , t = 0) =

(√
4

5
u1(x) +

√
1

5
u2(x)

)
.

b) After the energy measurement, you make a position mea-
surement. After this position measurement, you imme-
diately re-measure the energy. At this point, what
value(s) could you get for energy?
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†

b) After the energy measurement, you make a position mea-
surement. After this position measurement, you imme-
diately re-measure the energy. At this point, what
value(s) could you get for energy?

31% correct, (35% of the students who correctly answered
part (a)), (Any of the energy eigenvalues is possible).

42% of all students said that the choices were E1 or E2.
19% said or implied that the position measurement would not
alter the energy.
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Summary and Discussion
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Why you should use the QMAT
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The QMAT as an assessment tool

• Demonstrates that CU students are not achieving all of
our learning goals, despite reforms that include clicker
questions and other interactive techniques targeting these
ideas

• Exposes areas of common student difficulties (e.g.,
measurement and time development in QM)

• Raises faculty awareness, and guides future reform efforts
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Some preliminary outcomes of the QMAT

• Across the QMAT, students frequently respond as though:

- all quantum states (including superposition states) have
a definite energy, and

- time dependence only requires ‘tacking on’ a single
term exp[−iEt/~] to any quantum state (including
superposition states).

These observations are consistent with existing QM
research literature. (Singh, 2001, 2007, 2008; Crouse, 2007)

Our preliminary interviews suggest that they are
over-generalizing from the TISE, Ĥ |ψ〉 = E |ψ〉.

• Students also frequently respond as though sequential
measurements on a quantum state retain all original
information encoded in the starting state, again
consistent with literature. (Crouse, 2007)
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Use the QMAT in your Class!

• The full set of learning goals, assessments, and
other course materials, are available at
http://www.colorado.edu/sei/departments/physics 3220.htm

• If you are interested, contact Steve Goldhaber
at Steven.Goldhaber@colorado.edu or sign up on
the sheet.

Thank you – questions?
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Use the QMAT in your Class!

• The full set of learning goals, assessments, and
other course materials, are available at
http://www.colorado.edu/sei/departments/physics 3220.htm

• If you are interested, contact Steve Goldhaber
at Steven.Goldhaber@colorado.edu or sign up on
the sheet.

Thank you – questions?
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Learning Part 5:
QMAT Time Development Problem

True or False? Applying the Hamiltonian to |ψ〉 gives you
information about how that state will evolve in time.

Hint:

ĤΨ(x , t) = i~
∂Ψ(x , t)

t

25% wrote a convincing explanation of how the Hamiltonian
is related to time development. Others seem only to focus on
the TISE:
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Hint:
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25% wrote a convincing explanation of how the Hamiltonian
is related to time development. Others seem only to focus on
the TISE:
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information about how that state will evolve in time.
Hint:

ĤΨ(x , t) = i~
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is related to time development. Others seem only to focus on
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Learning Part 5:
QMAT Time Development Problem

True or False? Applying the Hamiltonian to |ψ〉 gives you
information about how that state will evolve in time.
Hint:

ĤΨ(x , t) = i~
∂Ψ(x , t)

t

25% wrote a convincing explanation of how the Hamiltonian
is related to time development. Others seem only to focus on
the TISE:
“H |ψ〉 tells you nothing about time”
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Learning Part 5:
QMAT Time Development Problem

True or False? Applying the Hamiltonian to |ψ〉 gives you
information about how that state will evolve in time.
Hint:

ĤΨ(x , t) = i~
∂Ψ(x , t)

t

25% wrote a convincing explanation of how the Hamiltonian
is related to time development. Others seem only to focus on
the TISE:
“The Hamiltonian gives information about energy only”
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Learning Part 5:
QMAT Time Development Problem

True or False? Applying the Hamiltonian to |ψ〉 gives you
information about how that state will evolve in time.
Hint:

ĤΨ(x , t) = i~
∂Ψ(x , t)

t

25% wrote a convincing explanation of how the Hamiltonian
is related to time development. Others seem only to focus on
the TISE:
“when we use Ĥ , it’s to solve the TISE, so Ĥ doesn’t really
tell us about time.”
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Learning Part 5:
QMAT Time Development Problem

True or False? Applying the Hamiltonian to |ψ〉 gives you
information about how that state will evolve in time.
Hint:

ĤΨ(x , t) = i~
∂Ψ(x , t)

t

25% wrote a convincing explanation of how the Hamiltonian
is related to time development. Others seem only to focus on
the TISE:
“Ĥ = p̂2

2m
+ V this has no time dependence.”
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