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Traditional laboratory instruction
• Perform classic experiments

– Nuclear Magnetic Resonance (NMR)
– Optical Pumping
– Millikan Oil Drop
– Mossbauer Effect
– Stern-Gerlach
– etc.

• Communication skills
– Lab report in PRL (Physical Review 

Letters) format
– 12-minute talk as per March Meeting
– Keeping good lab notebooks

• Focus
– Illuminating important theoretical 

concepts.
– Analyzing data.

These are great experiments and well worth 
learning, but…

TeachSpin, Inc.

Newtonian Labs

Caltech Senior 
Physics Lab



Traditional lab instruction does not prepare students 
for a career in research.

• Modern experimental research uses completely different tools!
• Often years to publishable results.
• Requires much original experimental work along the way.
• Is the goal of many (most?) undergrad science students. 

Hutzler LabLIGO Cryogenics Lab



Preparing students for research
• Teach tools.
• Teach what they do, not how they work. (Hardware independence.)
• Focus on fundamental physical and mathematical properties.
• Example: Lock-In amplifier

– Demodulation
– Mixing (phase-locked loop)
– Filtering out high-frequency components
– Amplification

• Lock-In key concepts: 
– Demodulation
– Reference signal
– Time constant
– Sensitivity (Gain)
– Phase
– Rolloff Asin $%& + ( sin $)*+& =

1
2/cos $% − $)*+ & + ( − 12/cos $% + $)*+ & + ( ⟶ /

2 cos(

Caltech Senior Physics Lab



Added experiments at Caltech
• Freshman and Senior Lab

– Digital oscilloscope
– Digital data acquisition, Nyquist-Shannon sampling theorem
– Fast Fourier Transform (FFT)
– Mathematica

• Senior Lab 
– Lock-In
– Transmission lines
– Active filtering, transfer functions
– Feedback control of dynamical systems
– Diode lasers, etc.

LIGO cryogenics lab



Conclusions

• Many (most?) students plan on a career in research.
• Traditional laboratory instruction does not prepare students for modern 

research.
• We are implementing a curriculum designed to prepare students to work in 

a modern research lab (JILA, MIT, etc.)
• Classic experiments should not be abandoned, but should take a back seat 

to research preparation.
• The less bewildering the tools are, the more students will be able to think 

about the science when they do enter research.



Crowd-sourced
CS Curriculum Visualization
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Motivation
- The set of recommended prerequisites is often incomplete

- Underclassmen are often unsure if they have the background to 
take a course

- The only way for underclassmen to get access to this is via verbal 
advice from upperclassmen

- Goal: Visualize crowd-sourced course dependencies



CMS Course Visualizer

Available at: https://cs-curriculum-mapping.herokuapp.com/

https://cs-curriculum-mapping.herokuapp.com/


Example Insights

• CS 2
– Prerequisite: CS 1
– Survey Insight: CS 11 C Track

• CS 21
– Prerequisite: CS 21
– Survey Insight: Ma 6a



Making Physics Education 
Accessible and Engaging

Arian Jadbabaie, G2 Physics
ajadbaba@caltech.edu

“Caltech Traveling Demo Circus”



Tell a good story
• Good outreach is good storytelling
• Physics reaches out to unknown scales and brings something 

back that is intelligible for humans
• Challenge/Fun: How to connect these scales to ordinary life



Use students’ language and 
experiences

• Watch your jargon! Be intentional with language
• Use examples from their lives, draw connections
• Don’t just show them magic, show them where to find it



Don’t forget to play and have fun!



Teaching Data Analysis:
A Hands-On Approach
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BE/Bi 103: Data Analysis
in the Biological Sciences

• Flipped classroom
– Pre-lab: read tutorials, submit short exercise
– Lab (Mon.): work on homework
– Lecture (Wed.): cover key concepts and theory
– Office hours (Thu./Fri./Sat.)

• Focus on analysis of real data sets
Choose two different ways to parametrize
sleep behavior. You can use sleep metrics
from the Prober, et al. paper or (for more
fun) invent your own. For each of the ways
of parametrizing sleep, provide instructive
plots and estimate the values of the
parameters. Be sure to discuss the
rationale behind choosing your
parametrizations.

Justin Bois, bebi103.caltech.edu

https://doi.org/10.1523/JNEUROSCI.4332-06.2006


Facilitating Learning

Student 
Learning

Guided 
Examples

Hands-
On 

Practice
Prompt 

Feedback

Provide worked examples,
preferably where students can
run everything themselves.
(Try to avoid having so many
that students start to just
follow a formula!)

Facilitate learning by asking
questions and probing
students’ reasoning, instead of
fixing their work immediately.

Adapt teaching based on
observed areas of confusion,
such as giving a focused
review during recitations.



Student Feedback

• It’s hard work...
– “No question, it's a lot of work, and the last couple of 

assignments are absolutely brutal”
– “A lot of work but ultimately rewarding”

• Students find a hands-on approach effective for learning 
and appreciate the direct connection to their fields.
– “This taught me what it meant to actually do data analysis”
– “The assignments are purposeful and not just tedious, complex 

exercises”
– “The course content is immediately applicable to many research 

problems at Caltech”

TQFR, Fall 2017-2018



Freshman Chemistry Core (Ch 1b)
Streamlining the Narrative Arc

Thomas Miller, CCE

Co-taught with Sarah Reisman, CCE



What is the storyline of freshman chemistry?
• Historically, Ch 1a was about:

- The nature of chemical bonding and molecular structure

• And then Ch1b was about:  Everything Else!
- IR Spectroscopy, UV spectroscopy, NMR spectroscopy, Kinetic theory of Gases, Thermochemistry, 

Redox Reactions, Acids and Bases, Liquids, Solutions, Gas-Phase Reactions, Solubility, and 
Complex-Ion Equilibria, Oxidation-Reduction Reactions, Electrochemistry, Thermodynamics, 
Chemical Kinetics, Structure and Nomenclature of Hydrocarbons, Organic Functional Groups, 
Organic Reaction Mechanisms, Introduction to Biochemistry 

• Our strategy:
- Identify a simple theme: The nature of molecular motion
- Ruthlessly cut/streamline topics to support this theme
- Be willing to incorporate a more advanced topic, if it leads to a 

simplified narrative flow (for us: the Boltzmann distribution)



V(x)

x

Spectroscopy:
Understanding vibrational and rotational 
timescales for motion on the potential energy 
surface (PES), as well as transitions b/w ground-
and excited-state PESs.

Vibrational motion 
of species A…

….and of species 
B.

V(x)

x

Thermodynamics / Statistical Mechanics:
Understanding the statistical probability of 
visiting different positions on the PES, when the 
system is given an infinite amount of time (i.e., 
at equilibrium).

Statistical distribution of 
positions visited.

Molecular Motion: The central theme of Ch1b

V(x)

x

Reactivity / Kinetics:
Understanding reaction rates (timescales for 
moving b/w minima on the PES), as well as 
reaction mechanisms (pathways on the PES that 
are followed during reactions).

Reaction from 
species A…

….to species B.



Outcomes

• Continuity within the topics of Ch 1b

• Continuity with other chemistry classes (including Ch 1a)

• Integration of the vast and diverse subfields of chemistry

• Integration with other physical, biological, and materials sciences

Improvements with respect to:

Thank you!



Thriving Rather Than Surviving:  
Designing Informal Learning Experiences

Athena R. Castro
Executive Director

Caltech Y
athena@caltech.edu
www.caltechY.org
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Factors in Student Thriving
(Schreiner, 2010)

Engaged Learning

Positive 
Perspective

Social 
Connectedness

Academic 
Determination

Diverse 
Citizenship



Leadership

Bias Toward 
Action

Awareness and 
Appreciation

Skills and Confidence

Outlets and Opportunities

Balance and Relationships

Caltech Y Student Outcomes Model

Enriching student life and challenging students 
to grow into responsible world citizens.



How do you engage students 
outside of the classroom 

and contribute to thriving?



Visiting Scientists at 
Cleveland Elementary

Kitty Cahalan
Outreach Program Coordinator

Caltech Center for Teaching, Learning and Outreach
www.outreach.caltech.edu

kcahalan@caltech.edu



Visiting Scientists at Cleveland Elementary

Caltech
- 2 postdocs (BBE, CCE)
- 1 former postdoc (GPS)
- 5 graduate students (PMA, GPS, 

CCE)
2 Teams:
- Kindergarten – 2nd grade
- 3rd-5th grade
Cleveland
- 150 general ed students (1 class/grade)
- 98% black (22%) or Latinx (76%)
- 90% low SES

• Second year of program
• Visiting Scientists teach weekly science 

lessons throughout school year
• Meet weekly to plan lessons



Visiting Scientists at Cleveland Elementary
Program Features:
- Pre- and Post-tests to assess learning
- Emphasis on scientific expression and vocabulary
- Familiarity with scientific method via group, hands-on activities
- Collaboration with Cleveland faculty; activities based on NGSS and PUSD scope and 

sequence

Pre

Post



• Classroom management skills
• Value of active learning/hands-on lessons
• Pre-and post-test design
• Distilling complicated concepts into 

developmentally-appropriate lessons
– Games
– Drawing
– Creative writing

Learning to Teach



• Weekly exposure to hands-on 
STEM

• Relationship over 2 years 
developed with research 
scientists

• Exposure to breadth of scientific 
endeavor

• Better preparation for middle 
school +

Benefits For Cleveland Students
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