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OUTSTANDING 
SERVICE AWARDS

ΣΠΣ

SPS
OUTSTANDING 
SERVICE AWARD
SPS recognizes faculty and students who exemplify an 
attitude of service to the discipline of physics and astronomy 
through actions at the local, national, or international level.

Do you know an SPS or Sigma Pi Sigma member that 
has had a positive impact on an SPS chapter, 
a department, or the broader community?

Nominate a member today!

www.spsnational.org/awards/service

Applications are accepted on 
a rolling basis.

ΣΠΣ is looking to award individuals who have 
performed meritorious service to the field of physics and 

astronomy, to Sigma Pi Sigma, or to your department. 

Awards can be bestowed by individual chapters. 

Nominate someone today! 

www.sigmapisigma.org/awards/service

Recipients receive national recognition and a certificate.
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Radiations

M any of us embodied an attitude 
of service while leaders in SPS 
and Sigma Pi Sigma chapters, 

mentoring classmates, or doing public out-
reach or advocacy. Some have taken the 
ethos of service to the heart of their careers 
and made it the practice of their profession. 
Some serve by investing in students or vol-
unteering at outreach events, even as they 
move through their own careers. However 
we maintain that attitude, we all share a set 
of values that guide and motivate our ser-
vice to the physics and astronomy commu-
nity, and beyond. This dedication to service 
is foundational to the society. 

To encourage a continued attitude of ser-
vice, here are a few ideas for how Sigma Pi 
Sigma members can serve the community. 

Nationally
At the national level, Sigma Pi Sigma mem-
bers can help ensure that the United States 
has sound science policies. Whether this 

is by pursuing a career in public service, 
visiting Congress to share information on 
issues, or finding volunteer opportunities 
with organizations like the American As-
sociation for the Advancement of Science 
(AAAS), our expertise and educational 

An Attitude of Service
Letter from the Assistant Director

by Andrew Zeidell, Assistant Director of Sigma Pi Sigma

Get Support for Inductions and Chapter Activities
Sigma Pi Sigma Chapter Project Awards of up to $500 are awarded to 
chapters to support inductions or other engaging activities that include 
alums or promote Sigma Pi Sigma on campus or to the public. Learn more 
at sigmapisigma.org/sigmapisigma/awards/chapter-project.

Radiations (ISSN 2160-1119) is the official 
publication of Sigma Pi Sigma, the physics and 

astronomy honor society, published twice per year 
by the American Institute of Physics, One Physics 
Ellipse, College Park, MD 20740-3841. Printed in 
the USA. Standard postage paid at Columbus, 
OH. POSTMASTER: Send address changes to 

Radiations Magazine, Sigma Pi Sigma,  
1 Physics Ellipse, College Park, MD 20740-3841. 

 
Sigma Pi Sigma is an organization of the American 

Institute of Physics. It was founded at Davidson 
College, Davidson, NC, December 11, 1921. Member, 
Association of College Honor Societies. Contact us 

at sigmapisigma@aip.org;
telephone: (301) 209-3007; fax: (301) 209-3082. 

 
Copyright © 2023, American Institute of Physics. 

Title registered in the US Patent Office.  
All rights reserved.

“To develop and maintain an attitude of service” is a phrase 
we all uttered as we took the charge to become members of 
Sigma Pi Sigma. This charge, based on the mission of Sigma 
Pi Sigma, means that with the recognition of accomplishment 
comes the responsibility to serve.
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The American Institute of Physics is  
a federation of scientific societies in the 
physical sciences, representing scientists, 
engineers, educators, and students. AIP 
offers authoritative information, services, 
and expertise in physics education and 
student programs, science communication, 
government relations, career services, 
statistical research in physics employment 
and education, industrial outreach, and 
history of the physical sciences. AIP 
publishes Physics Today, the most closely 
followed magazine of the physical sciences 
community, and is also home to the 
Society of Physics Students and the Niels 
Bohr Library & Archives. AIP owns AIP 
Publishing LLC, a scholarly publisher in the 
physical and related sciences. www.aip.org

Member Societies
Acoustical Society of America
American Association of Physicists  
in Medicine
American Association of Physics Teachers

American Astronomical Society
ACA: The Structural Science Society

AMS: American Meteorological Society

American Physical Society
AVS Science and Technology of Materials,  
Interfaces, and Processing
Optica (formerly OSA)
The Society of Rheology

Other Member Organizations
Sigma Pi Sigma
Society of Physics Students

background can be powerful tools for impact-
ing society and the future of science. 

Another way to contribute at the national 
level, yet with a uniquely local impact, is to 
volunteer for the Adopt-a-Physicist program. 
Adopt-a-Physicist, run by Sigma Pi Sigma and 
the American Association of Physics Teach-
ers, connects high school physics, astronomy, 
and general science classrooms to Sigma Pi 
Sigma members. For three weeks each fall, 
members share their stories with students 
from around the United States and abroad,  
encouraging their interest in science and 
awareness of its impact.

Locally
Locally, Sigma Pi Sigma members can serve by 
advocating for science education and science-
based policies in their community, getting in-
volved in science outreach projects, and men-
toring individual students or teams. Whether 
it is by serving as judges at regional science 
fairs or science Olympiads, coaching Science 
Bowl teams, or volunteering at local outreach 
events, science professionals can give a pro-
found boost to student confidence. Contacting 
your local Sigma Pi Sigma or SPS chapter, or a 
local astronomy or science club, can be a great 
way to get involved in groups that consistently 
hold events. These initiatives provide key op-
portunities for local communities to learn more 
about physics and astronomy.

Within Sigma Pi Sigma and SPS
Within our Sigma Pi Sigma and SPS commu-
nity, there are many opportunities to serve. 
The Physics Congress is a big one that hap-
pens every three years. It is truly only possi-
ble because of the dedicated efforts of many 
Sigma Pi Sigma volunteers. From plenary 

speakers to those running around setting up 
workshops, they are everywhere. If you’re local 
to a congress, Lunch with the Scientists is a 
great opportunity to share a meal with aspiring 
physicists and astronomers, swap stories, and 
provide encouragement to them. The 2025 
Physics Congress will take place October 30–
November 1 in Denver, Colorado, and volun-
teer opportunities will be posted on the Sigma 
Pi Sigma website as the event approaches.

Another opportunity to give back is through 
the Alumni Engagement Program, which en-
ables SPS chapters to reach out to alumni 
members of SPS and Sigma Pi Sigma for 
mentoring, to serve on panels, and to attend 
induction ceremonies, colloquia, and outreach 
events. If you are interested in putting your 
name into the hat, make sure to stop by our 
website and fill out the form.

If donating time is not something you can 
do now, you can still give back in the form of 
a gift that supports and encourages students 
through scholarships, career resources, and 
professional development. For more informa-
tion, visit foundation.aip.org/student-pro-
grams.html.

By maintaining a service-oriented ap-
proach throughout our lives, we can dem-
onstrate the exceptional standards of mem-
bership in Sigma Pi Sigma. Our schools, 
departments, and society will be aware that 
we value the pursuit of excellence and en-
thusiastically support future generations of 
science-educated professionals. When Sigma 
Pi Sigma members serve others at any level, 
we build a sense of community and fellowship, 
and the society’s impact spreads well beyond 
its membership count. 

Be a Resource for SPS Chapters
Join the SPS and Sigma Pi Sigma Alumni 
Engagement Program—a database of participants 
willing to be speakers, panelists, tour guides, 
and mentors for SPS chapters. Learn more at 
spsnational.org/programs/alumni-engagement. 

Connect with Sigma Pi Sigma

LinkedIn 
linkedin.com/groups/142619

Instagram 
instagram.com/spsnational

foundation.aip.org
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Sigma Pi Sigma and SPS Happenings

T he images from the James 
Webb Space Telescope (JWST) 
are stunning. But even as we 

enjoy them, we—the science commu-
nity—need to be planning for the future. 
What should its successors be like?

In collaboration with NASA, SPS 
and the American Institute of Physics 
(AIP) are challenging undergraduates 
to design a giant starshade that can 
be deployed in space to block starlight.  
A 100-m shade could be part of a next-
generation telescope, and it could help 
us examine extreme exoplanets from an 
Earth-stationed observatory.

Groups of up to 20 students are eli-
gible for the challenge. Using physics, 
engineering, and structural analysis, 
they’ll need to ensure that their pro-
posed shade meets critical technical 
requirements, determine the size of its 
shadow, and propose a method for de-
ploying it from a rocket. Finally, groups 
will need to build a 1:100 scale model. 

As part of the NASA Innovative 
Advanced Concepts (NIAC) program, 
members of the Hybrid Observatory 
for Earth-like Exoplanets (HOEE) team  
will meet with groups and help with 
their designs.

The challenge will take place dur-
ing the fall 2023 semester. The first 
20 groups to register and meet with 
HOEE staff will receive a $1,000 hono-
rarium for materials, and teams that 
place in the top three will win up to 
$10,000 for student travel and research.  
If you’re an alumni member of Sigma 
Pi Sigma, please consider sharing this  
information with your SPS and Sigma Pi 
Sigma chapters! 

Take the StarShade 
Challenge!
• Sign-up deadline:

September 5, 2023
• Sign-up link: aip.org/starshade
• Submission deadline:

December 15, 2023
• First place: $10,000 fund for 

student travel and research

The StarShade Challenge

Top: This Hubble Space Telescope image, called Cosmic Cliffs, reveals part of the Carina Nebula 
(NGC 3372). Bottom: This image from the JWST, Hubble’s successor, shows the same area.  
What will the next generation of telescopes reveal? Top credit: NASA, ESA, and The Hubble 
Heritage Team (STScI/AURA); ack. N. Smith (University of California, Berkeley). Bottom credit: 
NASA, ESA, CSA, and STScI.

Learn more and sign up: 
aip.org/starshade.

This artist's concept shows the geometry of  
a space telescope aligned with a starshade. 
The shade blocks starlight to reveal the 
presence of planets orbiting a star. Image 
credit: NASA/JPL-Caltech.
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J ocelyn Bell Burnell is a luminary in 
the field of astronomy. She discov-
ered radio pulsars, is a past president 

of the Royal Astronomical Society and the 
Institute of Physics, has made groundbreak-
ing discoveries since she was a graduate 
student, and is a tireless advocate for diver-
sity in science. To acknowledge the impor-
tance of her work and her support of our un-
dergraduate community, the SPS and Sigma 
Pi Sigma Executive Committee voted on 
December 8, 2022, to permanently name its 
highest leadership scholarship after Dame 
Jocelyn Bell Burnell. 

Bell Burnell is a dedicated and passion-
ate supporter of the Society of Physics Stu-
dents and Sigma Pi Sigma. She served as  
a plenary speaker for the 2012 and 2016 Phys-

ics Congresses and led the 2019 and 2022 
Physics Congresses as honorary chair. We’re 
thrilled to have her return as honorary chair 
in 2025, in Denver, Colorado. Bell Burnell 
generously shares her time at each congress,  
talking to everyone who wants to chat, take 
a selfie, or discuss the future of astronomy. 
She’s even helped the SPS staff fill swag 
bags for attendees.

The SPS scholarship program encour-
ages the study of physics and astronomy 
and the pursuit of high scholarship, a pillar 
of Sigma Pi Sigma. Beginning in 2023, the 
top scholarship awardee will be named the 
Jocelyn Bell Burnell Leadership Scholarship 
Award winner and receive a $6,000 schol-
arship. The winner will be selected based 
on academic performance and leadership 

shown in their physics or astronomy depart-
ment. Scholarship applications are due each 
year on March 15. For more information, 
please visit spsnational.org/scholarships/
leadership. 

The Jocelyn Bell Burnell
LEADERSHIP SCHOLARSHIP

Jocelyn Bell Burnell shares dinner with 
Sylphrena Kleinsasser, a student at 
Lycoming College and member of the SPS 
Council, at the 2022 Physics Congress. 
Photo courtesy of Kleinsasser.

Get Involved with 
Sigma Pi Sigma

There are many ways to engage with the Sigma Pi Sigma community! Members volunteer at the Physics Congress, serve on panels, 
share their stories, and help guide the next generation of physicists and astronomers. Here are just a few ways you can get involved—if 
you have a great idea or volunteer story to share, please, send us a note at sigmapisigma@aip.org!

Radiations:

Sign up at spsnational.org/programs/
alumni-engagement.

Short on time? Consider financially supporting students through scholarships, career resources,  
and professional development at foundation.aip.org/student-programs.html.

Send us a note at sigmapisigma@aip.org with the subject “Radiations,” 
or submit a Hidden Physicist story or Member Note at sigmapisigma.org. 

Suggest topics 
or submit articles 
for future issues

Share your nontraditional 
physics career through 
Hidden Physicists

Alumni Engagement Program:
Provide tours, job shadowing, 
mentorship, and professional 
development

Connect with Sigma 
Pi Sigma members 
and SPS alumni

Offer to be a speaker 
at local events or 
serve as a panelist

Suggest a colleague to be 
featured as a Hidden Physicist 
or in an Alumni Spotlight

Build community 
by submitting a 
Member Note

Sign up this fall at adoptaphysicist.org. 

Adopt-a-Physicist:

Connect with high school physics, astronomy,  
and science students

Participate in online message boards discussing physics and 
astronomy, careers, school, work–life balance, and more

Other Opportunities:

Connect with local 
physics and astronomy 
departments

Start or join a social 
media group for  
your chapter 

Reach out to  
nearby chapters  
for collaboration

Participate in local 
job and career fairs
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Your Dollars at Work

Your Support Makes a
LASTING IMPACT

by Brad Conrad, Director of Sigma Pi Sigma

T hanks to the generous donations of Sigma Pi Sigma mem-
bers and friends of SPS, undergraduates from more than 75 
universities received financial assistance to attend the 2022 

Physics Congress last October in Washington, DC. Without your criti-
cal support, many would have missed this transformative event. 

The Physics Congress, hosted by Sigma Pi Sigma, gave these 
students and hundreds more a unique—and fun—collective  
opportunity for personal and professional growth. The event 
brought together more than 1,000 physics and astronomy students 
from 257 colleges and universities. At least 60 students came as 
the only student from their school, making new friends and lifelong 
connections along the way. 

Throughout 2022, Sigma Pi Sigma supported students from an-
other 25 departments as they traveled to meetings of AIP Federation 
Member Societies and Affiliates, and funded 18 regional meetings for 
undergraduate physics and astronomy students. 

Travel Support Matters
Physics and astronomy departments are small when compared to 
most other majors—in 2022, departments in the United States aver-
aged just six to seven undergraduates per year. As an undergraduate 
I knew that there were physics majors at other schools, but it was an 
abstract concept. How would I ever meet them? My first meeting—a 
combined SPS Zone 2 and New York Section of the American Physi-
cal Society meeting—changed the course of my life professionally 
and personally. It helped me figure out that I needed to try graduate 
school and that I belonged in this community. It got me interested in 
a variety of topics unrelated to my undergraduate research. It opened 
many doors for me. I’m eternally grateful to those who made it pos-
sible for me to attend: my SPS advisor John Andersen and those who 
donated to my department. I’m proud that Sigma Pi Sigma helps so 
many students achieve this milestone every year. 

Presenting research results at a conference is one of the most 
important professional development activities we can offer students 
as they prepare for future careers. Effectively and succinctly com-
municating with peers and future colleagues is a skill that will benefit 
students for a lifetime. And through these experiences, students often 
gain insight into how their research connects to that of other groups 
or entire fields of study of which they were unaware. Science that oc-
curs in a vacuum runs the risk of failing to advance the field and our 

shared understanding of the universe. For many, attending meetings 
illustrates what it means to be part of the scientific community in 
ways that a classroom cannot.

SPS Awards For Travel
Support that helps undergraduate students become active mem-
bers of the physical science community speaks to the heart of the 
society. Since its inception at Davidson College in 1921, Sigma Pi 
Sigma has encouraged excellence within the field and the fellow-
ship that comes from gathering with colleagues. These ideals live 
on through our support of undergraduate travel to conferences. To-
day, SPS is proud to offer three types of Sigma Pi Sigma–supported 
travel assistance to students:
1. Travel Awards support undergraduates presenting their schol-

arly work at regional, national, or international conferences of AIP 
Federation Member Societies and Affiliates.

2. Chapter Reporter Awards support undergraduates or groups of 
undergraduates attending national conferences. After concluding 
their trip, recipients write about their experiences for an SPS or 
Sigma Pi Sigma publication.

3. Research Reporter Awards support undergraduates traveling to 
conduct research at a national laboratory, international laboratory, 
or observatory. 

Students from Rhodes College’s SPS chapter bond at the 2022 
Physics Congress.
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"As a first-generation college student, I am learning as I go. The col-
lege experience has been amazing for me. There is so much to learn, 
and I am excited to have the honor of being taught under incredible 
faculty and through my friends. Upon earning my bachelor’s degree 
in applied physics and mathematics, I would like to start working in  
a research laboratory while also pursuing a master’s degree in phys-
ics. I also have an interest in continuing on to earn a PhD. Thank you 
for believing in me."

- Matthew, an SPS member who received a donor-supported scholarship 
and travel award

These awards are possible because of the generosity of Sigma Pi 
Sigma members and friends of the Society of Physics Students. 

Sigma Pi Sigma also supports regional meetings across 
North America, called SPS zone meetings. Zone meetings of-
fer many of the same opportunities as national or international 
conferences but on a smaller scale and with an undergraduate 
focus. Registration and lodging are typically inexpensive, in-
creasing accessibility. And by presenting research at a regional 
meeting, students can meet local potential collaborators, em-
ployers, and graduate schools, and make new friends they’re 
likely to encounter again and again. They can also hone their 
communication skills in a less intimidating environment than  
a national or international meeting.

Looking to the Future
This year will bring many more meetings and students in need 
of travel support. And looking further ahead, Sigma Pi Sigma 
and the 2025 Executive Program Committee are already well 
on their way to planning the 2025 Physics Congress, which 
will take place October 30–November 1 in downtown Denver,  
Colorado. We’re anticipating more than 1,300 attendees for 
three days of professional development and networking with 
plenary speakers Jocelyn Bell Burnell (University of Oxford), 
Donnell Walton (Corning Inc.), Eric Cornell (University of Colo-
rado Boulder and JILA), and Julianne Pollard-Larkin (MD An-
derson Cancer Center). 

This event only happens every few years, and we want as 
many students as possible to be part of the action! But some 
simply cannot afford to attend PhysCon, or other physics and 
astronomy meetings, without a helping hand. As the Sigma Pi 
Sigma community, we can be that helping hand. We can give 
students the opportunity to make connections that will last  
a lifetime by contributing to the Annual Fund and the Congress 
Centennial Endowment Fund at foundation.aip.org.

Linked but distinct, the societies of Sigma Pi Sigma and SPS 
are volunteer driven and donor supported. With your help we 
can ensure that future generations have experiences that mir-
ror the comments of the students featured here. We each have  
a part to play in making the community more accessible and 
welcoming, and I invite you to join us in supporting the next gen-
eration and the next 100 years of Sigma Pi Sigma.  

"I am a junior pursuing a degree in physics education, 
with the intent of teaching high school physics. I want 
to convey to my students the importance of physics in 
life, as well as how fun it can be! I also want to teach my 
students how to advocate for themselves and hopefully 
inspire some of them to pursue physics and engineer-
ing as a career."

- Katie, an SPS member who received a donor-supported 
SPS award

Rush Holt, a former congressman and SPS chapter advisor, gives a plenary 
talk during the 2022 Physics Congress. All photos by SPS.

Plenary speakers Renee Horton (left) and Julianne Pollard-Larkin (right) 
enjoy the 2022 Physics Congress.

A student checks out the effects of diffraction glasses in the 2022 Physics 
Congress Exhibit Hall.
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Your Dollars at Work

Fall 2022
SPS CHAPTER AWARDS
Congratulations to the winners of the Fall 2022 SPS Chapter Awards. These awards are made possible 
in part by generous contributions from Sigma Pi Sigma members. For examples of past award-winning 
projects, visit spsnational.org/awards/chapter-awards.

FUTURE FACES OF PHYSICS
Future Faces of Physics Awards are made to SPS chapters to support projects that promote physics and astronomy 
across cultures and the recruitment and retention of people from groups historically underrepresented in physics.

Rhodes College
Rhodes College Egg Drop
Grace Nehring (Leader)
Brent Hoffmeister (Advisor)

Saint Joseph’s University
The Stuff in Space
Joseph Popp (Leader)
Roberto Ramos (Advisor)

Stony Brook University SUNY
Peer Mentorship and Physics Cafe
Evan Trommer (Leader)
Dominik Schneble (Advisor)

University of Central Florida
Advocating for Traditionally Underrepresented 
Groups in Physics
Madisyn Brooks (Leader)
Costas Efthimiou (Advisor)

University of North Alabama
Future Face of Physics Trivia for 
Underrepresented Groups
Madison Guth (Leader)
Mel Blake (Advisor) 

SPS CHAPTER RESEARCH
SPS Chapter Research Awards support local chapter research activities 
that are imaginative and likely to contribute to the strengthening of the 
SPS program. 

Benedictine University
The Fundial: Fostering Community Through 
Guiding Principles of Physics
Jeffrey Korbitz (Leader)
Matthew Wiesner (Advisor)

Calvin University
Our First Radio Telescope
Jenny Feng Lau (Leader)
Paul Harper (Advisor)

Florida Polytechnic University
Photodegradation and Environmental Stability 
of Microencapsulated Thermochromic 
Materials for Energy Saving Applications
Daniil Ivannikov (Leader)
Sesha Srinivasan (Advisor)

Old Dominion University
Introductory Astronomy Research
Jonathan Rose (Leader)
Perry Nerem (Advisor)

Rhodes College
From Ideas to Orbit: Fabrication and 
Assembly of Custom Satellite Hardware
Damien Nguyen (Leader)
Brent Hoffmeister (Advisor)

University of Central Florida
Abnormal Shadow Distributions from 
Relativistic Light Sources
Olivia Bitcon (Leader)
Costas Efthimiou (Advisor)

Sigma Pi Sigma 
Outstanding 
Service Award 
These awards recognize 
individuals and groups who have 
performed meritorious service 
to the field of physics, to Sigma 
Pi Sigma the organization, 
its members, or to a local 
Sigma Pi Sigma chapter. Both 
members and chapters can 
nominate candidates. Learn 
more and nominate someone at 
sigmapisigma.org/sigmapisigma/
awards/outstanding-service.  
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SIGMA PI SIGMA CHAPTER PROJECT
Sigma Pi Sigma Chapter Project Awards support inductions or chapter events that include alumni or expand recognition 
of the society. 

Florida Polytechnic University
Inaugural Inductees’ Insights Sharing
Daniil Ivannikov (Leader)
Sesha Srinivasan (Advisor)

Saint Joseph’s University
Saint Joseph’s University Sigma Pi Sigma 
(ΣΠΣ) Induction Ceremony
Nathaniel O (Leader)
Roberto Ramos (Advisor)

University of Colorado Boulder
Boulder Branch Sigma Pi Sigma 2022-2023 
Induction Ceremony
Alexander Fix (Leader)
Keith Ulmer (Advisor)

University of North Alabama
Induction Ceremony
Madison Guth (Leader)
Mel Blake (Advisor)

University of Virginia
Lighting the Way with Lighthouse Instruments: 
UVA Sigma Pi Sigma Annual Luncheon
Ethan McKeever (Leader)
Jency Sundararajan (Advisor)

MARSH W. WHITE
Marsh W. White Awards are made to SPS chapters to support projects that promote interest in physics and astronomy 
among students and the general public. The award is named in honor of Dr. Marsh W. White for his years of service to 
Sigma Pi Sigma and the community.

Adelphi University
Lab for Kids
Zahin Ritee (Leader)
Matt Wright (Advisor)

Brigham Young University
Physics Demonstrations for Underserved 
Elementary Students
Matthew Ricks (Leader)
Benjamin Frandsen (Advisor)

Indiana University of Pennsylvania
The Annual IUP Physics Olympics
David Lane (Leader)
Andrew Zhou (Advisor)

Mount Holyoke College
The Observatory Open Hours:
Celestial Safari!
Mysha Khan (Leader)
Spencer Smith (Advisor)

Rhodes College
Rhodes College Rites to Play
Grace Nehring (Leader)
Brent Hoffmeister (Advisor)

Saint Joseph’s University
Physics on the Move
Kayla Dickert (Leader)
Roberto Ramos (Advisor)

Stony Brook University SUNY
Engaging High Schoolers in Electromagnetism
Christopher Siebor (Leader)
Dominik Schneble (Advisor)

Tarleton State University
Observatory Outreach
Stephen Bardowell (Leader)
Melissa Lewis (Advisor)

University of Central Florida
Electrifying Interest in Physics
Maximillian Daughtry (Leader)
Costas Efthimiou (Advisor)

University of North Alabama
STEM Day
Harmonie Wildharber (Leader)
Mel Blake (Advisor)

University of Southern Mississippi
Promotion of Physics in the Hattiesburg 
Community
Braden Hudson (Leader)
Michael Vera (Advisor)

University of Virginia
Let the Cat Out of the Box: Charlottesville  
High School Outreach
Ethan McKeever (Leader)
Jency Sundararajan (Advisor)

Apply for a Sigma Pi Sigma Chapter Project Award
Sigma Pi Sigma Chapter Project Awards of up to $500 are awarded to chapters to support inductions or other 
engaging activities that include alums or promote Sigma Pi Sigma on campus or to the public. Applications are  
due November 15. For more information and award proposal templates, visit sigmapisigma.org/sigmapisigma/
awards/chapter-project. 
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FEATURE

I n a letter to a physics aficionada who 
had enjoyed his lectures, Richard 
Feynman suggested that she should 

“study hard what interests [her] the most 
in the most undisciplined, irreverent and 
original manner possible.”1 Feynman’s ad-
vice to combine the complicated, the ab-
stract, the scholarly side of physics with 
its creative, messy, adventurous side is 
often hard to reconcile with the strict en-
vironment that seems to characterize the 
sciences. At the 2022 Physics Congress, 
however, attendees saw those two differ-
ent strands of physics harmonized in every 
talk, workshop, special event, and meal. 
For a moment, join me in recapping some 
of those adventures, some of which you 
could experience at the next congress.

On the scholarly side of things, you can 
hardly do better than attending a plenary 
session given by some of the foremost faces 
of science in the last half-century, including 
two Nobel laureates, a presidential advisor, 
and perhaps the most renowned female as-
tronomer alive, full stop. A thousand people 
gathered to witness this event, which would 

properly kick things off in one of the hotel’s 
ballrooms—a place grandiose enough to 
have been taken out of a British royal castle, 
with a slightly nerdy spin provided by the 
huge recreation of the James Webb Tele-
scope’s primary mirror at one end. Despite 
the daunting officialism of it all, once Dame 
Jocelyn Bell Burnell stood up to answer the 
plenary question, “Where will physics and 
astronomy be in 100 years?” all of that faded 
away to give place to the cool science we 
were there to learn and discuss. Hearing 
each of the speakers—Dame Bell Burnell 
and Drs. John Mather, Jim Gates, and Eric 
Cornell—present their views about the future 
of science, often mixing technical discus-
sions with jokes and funny anecdotes, we 
got a sense that regardless of the titles and 
prizes they had accumulated, they were just 
like us—driven, curious scientists looking to 
share their research, experience, and love 
for physics and astronomy with like-mind-
ed people. This idea would be reinforced 
throughout the next few days as I interact-
ed one-on-one with the likes of Drs. Gates 
and Cornell in the hotel hallways, something  

I definitely wasn’t expecting would happen 
when I flew to Washington, DC, from the 
small town in Ohio where I attend college.

If the difference between that environ-
ment and my tiny liberal arts university in 
Granville, Ohio, wasn’t shocking enough, 
one of the first events of the conference was 
a field trip to the University of Maryland,  
College Park. Its physics department is 
known around the world as one of the best 

Science Comes to Life at PhysCon:
Scholarly Adventures in Washington, DC

Fabrizio Vassallo. Photo courtesy  
of Vassallo.

Centennial 
panelists (L-R)  
Eric Cornell, Jim 
Gates, Jocelyn Bell 
Burnell, and John 
Mather. Photo by 
Ashauni Lennox.

by Fabrizio Vassallo, SPS Reporter, Denison University
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in atomic, molecular, and optical physics. 
Although I wasn’t sure I would find this tour 
interesting, it turned out to be one of the 
highlights of my trip. This was my first time 
seeing an elite research institution from the 
inside, touring fascinating places such as 
the Lathrop Nonlinear Dynamics Lab, where 
they have a 3-meter-tall model of the Earth 
that looks equal parts daunting and incred-
ible. Everyone was so nice to us visitors, from 
the university staff coordinating the event to 
the students that acted as our guides. This 
visit helped me decide that I want to go to 
a grad school with a similar culture and en-
vironment—one that combines a friendly at-
mosphere with a wealth of research areas at 
the absolute cutting edge.

If the trip had ended there, after just those 
two events, I would’ve called it a success. 
But there’s more. My last day in DC turned 
out to be the epitome of the undisciplined 
and irreverent attitude toward science that 
Feynman encouraged. Saturday started off 
intensely with the core event of my confer-
ence experience: the poster session. I went 
into it with a mix of anxiousness and excite-
ment; although I’d presented a poster before, 
I’d never presented at such a big event. De-
spite my initial wariness, it went well. Mul-
tiple people, ranging from undergraduates to 

experts in my field, stopped by to ask about 
my research, sometimes pushing me to 
the limit of my understanding with probing 
questions, which I truly appreciated. And that 
was it, PhysCon was over for me. 

Holding on to my successful work, al-
beit with a bittersweet feeling, I decided to 
make the best of the rest of the day. For me, 
that meant hunting for bookstores. I took 
the metro downtown, explored the city, and 
walked for hours from one bookstore to 
the next. The day ended at a store in The 
Wharf, where I found a biography of the late  

Stephen Hawking and read at a little table by 
the docks. As the hours flew by, I reflected on 
the spontaneous nature of what I was expe-
riencing and on my connection to physics as  
I read about Hawking’s own inspiring rela-
tionship with the same subject.

That day—well, the whole event—taught 
me about making friends in science, inter-
acting with elite physicists, and presenting  
a technical poster to a wide-ranging audi-
ence. But it also taught me about the ap-
proach I want to have toward science. As  
I started my trip back to Columbus, I realized 
that I now understood what Feynman had 
meant in that letter. PhysCon very well could 
have been a one- or two-day event com-
pletely crowded with technical presentations 
of all sorts, but it was the harmonious inter-
twining of the scholarly with the creative, 
the structured with the unexpected, and the 
abstract with the adventurous that made 
the event great. So that’s my main take-
away from this experience: science doesn’t 
happen, like they might have you believe, in 
dull rooms with people in lab coats writing 
equations endlessly on blackboards. Science 
happens best when we approach it “in the 
most undisciplined, irreverent, and original 
manner possible.” 

 

References
1. Richard Feynman, Perfectly Reasonable De-

viations from the Beaten Track: The Letters of 
Richard P. Feynman, ed. Michelle Feynman 
(New York: Basic Books, 2005), 206.

A full-scale model of the James Webb Space Telescope’s primary mirror looms in the 
background as PhysCon attendees discuss the most pressing needs in physics and astronomy 
today. The model was made by SPS advisor Toni Sauncy and her chapter at Texas Lutheran 
University. Photo by SPS.

A student presents research at the 2022 Physics Congress poster session. Photo by SPS.
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Who fostered your curiosity at 
an early age?
My parents. My dad was a doctor, and my 
mom had one of these fairly typical stories 
for women of her generation. She majored in 
biology and wanted to go to grad school, but 
that wasn't really a thing for women. When  
I was little, she had a bookstore.

My mom missed doing science so she 
started working at a small biological re-
search institute. She was a research as-
sistant because she only had a bachelor's 
degree. My mom went to grad school to get 
her PhD when I was seven and she was 41. 
She got her PhD when I was 13―I did the 
references for her dissertation. I would come 
home from school, and there'd be a stack of 
papers sitting next to the computer. I would 
just sit there and type in references for her. 

Both of my parents were very into STEM, 
which was a big privilege and really helped 
make the path easier for me. 

What was the driving force 
behind your pursuit of 
atmospheric chemistry?
I had done summer research with my 
undergrad advisor, looking at the Galilean 
satellites. During the school year, he sent 
me an email asking me to come by his office. 
I get in there and he starts buttering me up, 
“We have this project, and we immediately 
thought of you!” It turned out that I had to 
go to the telescope on campus every single 

night for like nine months, looking for clouds 
on Titan. Clouds on Titan are very bright. 
You don't even need to take pictures; you 
can just look at how bright Titan is to see if 
there are clouds. 

Voyager flew by Titan and couldn't image 
the surface because the atmosphere was 
so thick. It’s this place that’s so interesting 
based on the few things that we know about 
it, but it’s so averse to giving up its secrets. 
From then on, I was really interested in Titan. 

As a woman in STEM, what is 
the biggest challenge you faced 
during your educational career?
One thing that was really hard was the lack 
of role models. I went to Caltech for my un-

dergrad. I didn't take a single class in my 
planetary science major from a female fac-
ulty member―not a single class. I took a to-
tal of two undergraduate STEM classes from 
female faculty members, one in mechanical 
engineering and one in physics. I also had  
a literature major, and half of those profes-
sors were women. And it was like, “What 
message are you trying to send here?” 

My class had the highest percentage 
of women that had ever been admitted to 
Caltech; we were 37 percent when we start-
ed and 25 percent when we graduated. In 
grad school it wasn't a lot better. Every single 
one of our core classes was taught by a male 
faculty member. I was 25 or 26 before I took  
a class from a female planetary scientist. 

by James Hirons, Makayla Teer, Ryan Rodriguez, and Elyzabeth Graham, SPS Reporters, Texas A&M University - Commerce

Pack Snacks, and Don’t Be Terrible
A Q&A with Sarah Hörst, Plenary Speaker at the 2022 Physics Congress

Sarah Hörst gives a plenary talk on Titan at the 2022 Physics Congress. Photo by SPS.

Sarah Hörst is an associate professor of earth and planetary sciences at Johns Hopkins University. She 
specializes in the complex organic chemistry occurring in the atmosphere of Titan, as well as elsewhere 
in the universe.
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What changes would you like to 
see in the physics, astronomy, 
and planetary science 
community?
That one's easy. We need to fix our issues 
with diversity and inclusion 1,000 percent. 
We are selfishly missing out on talent,  
and that's preventing us from doing the 
things that we say we want to do. But 
more from a human perspective, we need 
to not be so terrible.

What do you wish someone had 
told you earlier in your career 
or education that you want 
students to know? 
It's going to be okay, whatever that means. 
It's true—it will be okay. 

This interview has been edited for length and clarity.

There were two female faculty mem-
bers in my PhD department. Neither one of 
them―and this is not a knock on them―was 
living a life that I envisioned for myself. I was 
thinking, “Okay, so these women who are 
complete badasses and amazing are doing 
this thing, but they're not doing it the way 
that I want to. Is there room for me?”

I didn't work for a woman until my post-
doc. That was such a game changer for me. 
She was doing science the way that I wanted 
to. It wasn't cutthroat. It wasn't competitive. 
It was us in her office looking at data and 
laughing. When we're learning, we model 
the behavior we see from other people. If you 
don't have a person to model yourself after, 
it’s a lot harder to figure out how to do what 
you want to do. 

What is the best piece of advice 
you've been given in your career?
The first thing that comes to mind is to make 
sure you pack snacks.

One of the things that my undergraduate 
research advisor helped me to see early on is 
that being happy is really important.

Be a Role Model for Physics and Astronomy Students
Join the SPS and Sigma Pi Sigma Alumni Engagement Program—a database of participants willing to be speakers, 
panelists, tour guides, and mentors for SPS chapters. Learn more at spsnational.org/programs/alumni-engagement. 

Help high school physics classes understand the joys of studying physics and astronomy and the career opportunities they 
provide—sign up for Adopt-a-Physicist! Physicists are "adopted" by up to three classes and interact for a set, three-week 
session, making lively, in-depth discussions possible. Learn more at sigmapisigma.org/sigmapisigma/adopt-physicist. 

Got Snacks?
SPS provides $300 in financial 
support for chapters to start 
food cabinets for hungry 
physics and astronomy 
students. Chapters use funds 
for items that are freely 
accessible to all department 
undergraduates and are 
encouraged to fundraise to 
restock and maintain the 
food cabinet. Applications are 
accepted on a rolling basis.  
For details see spsnational.
org/scholarships/FFHPS. 

SPS reporters from Texas A&M University - Commerce commemorate their interview with  
Sarah Hörst (second from left). Photo courtesy of the reporters.

NASA's Cassini spacecraft captured this 
less-than-revealing picture of a hazy Titan 
on September 15, 2017. Credit: NASA/JPL-
Caltech/Space Science Institute.
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W hen asked to declare a major at 
Northeast Louisiana University, 
White wasn’t sure what to do.  

“I wanted to major in science, but a cam-
pus advisor told me that it wasn’t possible 
to do all of science,” he says. So he asked, 
“How do you get in that observatory?” The 
advisor replied, “Well, you'd have to major 
in physics, probably.”

Physics was a great fit. The small depart-
ment didn’t have an active SPS chapter, but 
White was inducted into Sigma Pi Sigma 
there. “I didn't really register what Sigma Pi 
Sigma was,” he says, “but I thought it was  
a good idea to join.”

After earning a PhD in physics from 
Texas A&M University, White interviewed 
for a professorship at Northwestern State 
University of Louisiana (NSU). “By noon 
they had offered me the job,” he says.  
He didn’t realize then he’d be the only 
physics professor at NSU.

In addition to teaching, White advised 
NSU’s fledgling SPS chapter. By leveraging 
award money from the SPS office, he often 
secured matching funds from the school. 
This significantly expanded opportunities  
for his students.

In a particularly memorable experience, 
White and a dozen students road tripped to 
Atlanta, Georgia, for an American Physical 
Society March Meeting. That was the first 
time many of them had crossed the state 
line, and seven presented research. 

After a few years at NSU, White was 
elected to the SPS Council, and he eventu-
ally became president. Then the SPS and 
Sigma Pi Sigma director position opened. 
Although it meant moving to Washington, 
DC, “The impact you could have in that kind 
of job made me want to go,” White says.

When he became director in 2001, 
White further expanded opportunities for 
students. A highlight of his tenure was 
growing the Physics Congress into what it is  
today. The 2004 Congress, White’s first as 
director, brought a few hundred people to 
the testing ground of the first atomic bomb, 
the Trinity Site in New Mexico. The 2008 
Congress, hosted at Fermilab in Illinois, 
exceeded expectations.

“We had something like 800 people reg-
ister, and Fermilab told us they could only 
hold 600,” White says. “I remember driving 
there a few weeks before the congress, we 
were scrawling out plans on the floor of the 

van for how to fit everyone,” he recalls. “But it 
worked out beautifully.”

The SPS Summer Internship Program 
blossomed under White’s leadership. Each 
summer, more than a dozen physics and as-
tronomy undergraduates come to Washing-
ton, DC, to work in policy, research, industry, 
or communication. The experience helps stu-
dents see “the breadth of what they can do 
with their degree,” White says. 

by Kendra Redmond, Editor

Committed to Student Success
Gary White and Willie Rockward Receive Seagondollar Service Awards

Gary White and Willie Rockward both hail from Louisiana and are now physics professors on the East 
Coast. Colleagues describe both as passionate physics professors and excellent mentors. Neither 
really planned on majoring in physics, and neither is wary of a road trip with students.

At the 2022 Physics Congress, the SPS and Sigma Pi Sigma Executive Committee recognized White 
and Rockward for another commonality: an exemplary level of commitment and service to the 
societies. For this they each received a rare Worth Seagondollar Service Award.

Gary White: Expanding Opportunities

Gary White (above) and Willie Rockward 
(right) show off their new Worth 
Seagondollar Award medals. Photos  
by SPS.
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“P hysics was not my first choice, 
was not my first love—it wasn’t 
even on my radar,” Rockward 

says. Two factors brought him to phys-
ics. First, his mother would only let him 
play high school football if he earned high 
grades in math and science. Second, he 
dreamed of playing football at Grambling 
State University. The school offered him  
a scholarship—in physics.

He made the football team, but didn’t 
stay long. “After about two or three weeks of 
practicing against the number one defense, 
a linebacker hit me so hard that I said, ‘Okay, 
I’m sticking with physics,’” he says. Rockward 
joined SPS at Grambling and was inducted 
into Sigma Pi Sigma there.

His department chair often brought stu-
dents to SPS zone meetings. “I remember 
going to one at the University of Texas at 
Dallas—we had a great time. We presented 
our research and met with other chapters,” 
Rockward recalls. 

He went on to get a PhD in physics at 
Georgia Institute of Technology and become 
a physics professor at Morehouse College, 
a historically black men's college in Atlanta. 
The department chair made him advisor of 
its struggling SPS chapter.

Inspired by his own experience, 
Rockward began taking students to SPS 
zone meetings to present research. White, 
then SPS director, saw the impressive 
Morehouse contingent at a zone meeting.  
He complimented Rockward, then nudged 
him. “You should consider running for SPS 
zone councilor.”

“I threw my name in the hat—and it was 
the only one,” Rockward laughs. As zone 
councilor he set up a zone meeting rotation 
in his region. Georgia, Alabama, and Florida 
took turns hosting zone meetings, and every 
fifth year, Puerto Rico. “We had the very first 
SPS zone meeting outside of the continental 
United States, and it was fabulous,” he says.

Rockward eventually became president 
of Sigma Pi Sigma, serving for two terms. 
During that time, he encouraged members to 
support physics and astronomy undergradu-
ates with their time and money.

“At every council meeting, Steve Feller, 
then chair of the Congress Planning Com-
mittee, would stand up and challenge the 
council to give to SPS,” he recalls. “That still 
resounds in my mind, because if you really 
believe in an organization, you have to be 
willing to invest in it,” he says.

A highlight of Rockward's presidency was 
helping to establish the Congress Centennial 
Endowment Fund, which supports student 
travel to the Physics Congress in perpetuity. 
“We encouraged people to give in increments 
of powers of ten,” he says. And Rockward and 
the SPS Council led by example.

In 2018 Rockward moved from More-
house to Morgan State University in Bal-
timore, Maryland, where he is chair of the 
physics and engineering physics depart-
ment. He’s working with its new SPS advisor 
to build up the chapter, and he’s the Sigma Pi 
Sigma advisor. 

“What keeps me invested in the society 
is seeing the breadth of the physics com-
munity. I get to see students—the upcoming 
generation, I get to see my colleagues, and  
I get to see my mentors, the people who 
were there before me,” he says. “Some of the 
students who started with me are now com-
ing into SPS as zone councilors.” 

Willie Rockward: Investing in the Future

As director, White prioritized building part-
nerships, increasing diversity, and raising the 
profile of students. Inspired by the trip to At-
lanta, he also helped secure undergraduate re-
search sessions at several national meetings.

In 2012, after more than ten years as direc-
tor of SPS and Sigma Pi Sigma, White passed 
the torch. He is currently editor of the aca-
demic journal The Physics Teacher, and an ad-
junct physics professor at George Washington 
University in Washington, DC. And, of course,  
he’s the SPS advisor.

About Worth Seagondollar
L. Worth Seagondollar spent 40 years as a Sigma Pi Sigma advisor, first 
at the University of Kansas and then at North Carolina State University. 
As Sigma Pi Sigma president in the 1960s, he was instrumental in 
the society’s merger with the American Institute of Physics Student 
Sections, which created the Society of Physics Students. In 1996 he was 
the first recipient of the award named in his honor.

Learn more about the Congress Centennial Endowment 
Fund at foundation.aip.org/student-programs.html or 
scan this QR code.
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D uring a regular cleanup, David Sand-
ers, president of Clemson Univer-
sity’s SPS chapter, stumbled across 

a dusty box in the lounge labeled “Sigma Pi 
Sigma.” Upon opening it, he found a set of pins 
with "ΣΠΣ" on them. He asked the chapter’s 
then SPS president what they were, but she 
had no idea. “I think they’re from an organiza-
tion we had a long time ago," she said. That 
answer didn't satisfy Sanders, so as any sci-
entist would, he dug deeper.

Sanders soon rediscovered the physics 
and astronomy honor society and wanted 
to bring the prestigious organization back to 
Clemson. He emailed the SPS office for help, 
and within the day, Brad Conrad, director of 
SPS and Sigma Pi Sigma, responded with the 
paperwork and a list of things to do. “We will 
be in touch with your advisor, and then we will 
figure the rest out from there,” he told Sanders.

After the t's were crossed and the i's dot-
ted, Clemson’s Sigma Pi Sigma chapter was 
officially revived. It had been a ten-year hiatus.

Conrad was thrilled. “Undergraduate stu-
dent groups like Sigma Pi Sigma and SPS are 

integral to the success of a student’s career,” 
he says. “When students pick up the mantle of 
leadership, they support each other and future 
generations of students. Each year of initiates 
is a resource for all of the physics and astron-
omy students to come.”

The chapter hopes to expand and build 
strong relationships with other Sigma Pi 
Sigma chapters. The students want their 
chapter to feel like part of the bigger network 
of Sigma Pi Sigma chapters and members, 
which they can tap into to learn, grow, and 
find collaborators. 

The physics students have great expec-
tations for their chapter and plan to build 
on this initial momentum. “It will take years 
to get where we want to go, but we have  
a great group of undergraduates behind us 
to carry the torch once we seniors graduate,” 
says Sanders.

Chad Sosolik, Clemson's Sigma Pi Sigma 
advisor, is poised to aid in their mission. “He 
has always been there to support us, even 
when we come to him with our crazy ideas,” 
Sanders says. When a new idea hits, Sos-

by Ben Perez, Contributing Writer

Welcoming
SIGMA PI SIGMA
Back to Campus

Editor’s Note
In last fall’s Chapter Spotlight, 
we inadvertently swapped 
the photos of two of Sigma 
Pi Sigma’s newest chapters. 
Our sincere apologies to the 
chapters at the University of 
Alabama at Birmingham and 
Saint Mary’s College - Notre 
Dame. We are so happy that 
you are part of the society!

Saint Mary’s College  
- Notre Dame (IN)

University of Alabama 
at Birmingham

olik humors the students, talks through 
the idea with them, and helps them plan  
a few experiments to see whether it’s 
crazy or they are really onto something, 
according to Sanders.

When it comes to the honor society, 
the students plan to build something last-
ing. If all goes well, Clemson’s Sigma Pi 
Sigma chapter won’t be relegated to a 
forgotten box gathering dust ever again.  

Clemson's SPS chapter and members of its graduate student association enjoy a fun night  
at the movies. Photo courtesy of the chapter. 
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Kappa, too, if we’d have had a chapter of that 
honor society when I attended,” he says.

He’d planned to pursue a career in teach-
ing, but like many scientists, Hingson’s ca-
reer path didn’t follow a linear progression. 
He began working with the National Fed-
eration of the Blind, and that’s where he got 
into sales. Forty-one years later, Hingson has 
built quite a career in the field, first selling 
technology and now selling himself as a mo-
tivational speaker. Although he doesn’t do 
hard science anymore, he applies many of 
the skills he learned as a physics student—
paying attention to details, being methodical, 
taking all factors into consideration, and ex-
ploring all paths to a new venture.

A defining day in Hingson’s life was 
September 11, 2001. He was working in one 
of the World Trade Center towers when 
terrorists attacked; he descended 78 floors 
to safety with the help of his guide dog, 
Roselle. He immortalized their story in his 
New York Times best-selling book Thunder 
Dog: The True Story of a Blind Man, His Guide 
Dog, and the Triumph of Trust. Soon after,  
he started receiving invitations to speak 
about his experience that day, his life, and 
dealing with change.

Today, Hingson has turned most of his at-
tention to speaking, inspiring and motivating 
audiences around the world with his story 
and the life lessons he’s learned along the 
way. He also serves as the chief vision offi-
cer for accessiBe, an Israeli company whose 
products help make websites more inclusive. 
Inclusion doesn’t only apply to race, gender, 
and religion, but also to people of all abilities, 
Hingson says. “That last one often gets left 

out of the conversation, but if we truly want 
to be an inclusive society, then it means 
making society accessible for everyone.”

Looking ahead, Hingson wants to do  
everything he can to build a better world. 
That includes traveling, speaking, educat-
ing, and consulting. He is working on a new  
book, A Guide Dog’s Guide to Being Brave, 
and hosts the podcast “Unstoppable Mind-
set,” where inclusion, diversity, and the  
unexpected meet. “Honestly, I have so many 
interests I want to pursue. I can’t afford to re-
tire now,” he says.  

Member Spotlight

M ichael Hingson was born to 
extremely supportive parents. 
They wanted him to be any-

thing he chose and fostered a love for cu-
riosity early on. 

“I was always fascinated by science and 
looked up to my father. He was an electron-
ics engineer, and whenever I could, I loved 
helping him repair TVs,” Hingson says. “Yeah, 
I got zapped a few times, but, as my father 
always said, I had to learn sometime. And 
eventually, I did.”

By age six Hingson could do algebra in his 
head, thanks to his dad. At 14 they got their 
amateur radio licenses together. “I remember 
cracking up talking to my father over the ra-
dio asking him, ‘Oh, how's the weather over 
there?’ Knowing well and good we were only 
a few rooms apart,” he reminisces. 

His story may not sound unusual for  
a physicist, but Hingson has an extra chal-
lenge: He’s blind. Hingson was born with 
retinopathy of prematurity, a disease that can 
occur in premature babies when blood ves-
sels grow abnormally in the retina and cause 
loss of vision. Because of this, many people 
have written him off. But he can accomplish 
the same tasks as sighted people, he just 
needs different tools. 

Hingson learned to read Braille at an 
early age, and if Braille books weren’t avail-
able, a parent or volunteer would read him 
the information he wanted to know. He uses 
a guide dog to help him navigate the world, 
along with technology such as AIRA, a “visu-
al interpreter” that helps translate the visual 
world into an auditory one.

Using such tools, Hingson continued his 
education and graduated from the University 
of California, Irvine, with a bachelor’s and 
master’s degree in physics and a teaching 
certificate. That’s where he was inducted into 
Sigma Pi Sigma. “I would have been Phi Beta 

by Ben Perez, Contributing Writer

MICHAEL HINGSON
Creating a More Inspired, Inclusive Society

To learn more about Michael Hingson, his book, and his speaking career, 
visit MichaelHingson.com or email him at speaker@michaelhingson.com.

Michael Hingson and his guide dog. Photo 
by Josie Reynoso.
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H ello and namaste. I am originally 
from Nepal, a small country  
renowned for being the birth-

place of Buddha, the home of the Hima-
layas, and a sovereign nation throughout 
history. Nepal's breathtaking mountains 
and waterfalls always inspire a sense of 
calm in me. 

After reading Carl Sagan's Cosmos in 
high school, I became fascinated with phys-
ics. One of the things from the book that 
amazed me was how the ancient Greek 
mathematician Eratosthenes calculated the 
earth's radius using simple geometry. Fol-
lowing high school, I decided to pursue an undergraduate degree in 
physics in the United States at Minnesota State University Moorhead 
(MSUM). I found the faculty to be exceptionally compassionate. In the 
final year of my degree, I was inducted into Sigma Pi Sigma in recog-
nition of my academic performance and involvement with the Society 
of Physics Students' outreach activities. I am extremely grateful to the 
organization and the faculty for that.

As if the Minnesota cold wasn't enough, I enrolled at the Univer-
sity of North Dakota for a graduate degree. My PhD advisor and the 
faculty provided me with comprehensive training in theoretical and 
computational methods. Consequently, I was able to explore broader 
areas for postdoctoral positions. My first postdoc was at the Univer-
sity of Oregon (UO) and involved developing theoretical and com-
putational frameworks in phononic metamaterials. It was during my 
time at UO that I became familiar with the field of biophysics. By the 
time I applied for my second postdoc, I had become so interested in 
the field that I mostly applied for positions related to biophysics.

Surprisingly, however, this change did not lead to a position in bio-
physics but rather a position as a medical imaging researcher at the 
Mayo Clinic in Rochester, Minnesota. I am a member of a group led 
by the inventor of an imaging technique called magnetic resonance 
elastography (MRE). MRE is an MRI-based technique that allows 
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in vivo assessment of a tissue’s viscoelastic properties by applying 
acoustic waves. Clinically, the technology is used in the diagnosis of 
liver diseases. 

My research focuses on applications of MRE to brain disorders 
such as normal pressure hydrocephalus, Alzheimer's disease, and 
Parkinson's disease. The goal of our research is to solve funda-
mental problems in medical imaging by combining data science, 
medicine, biology, and physics. In a large group of approximately 20  
researchers, I am the only traditional physicist among a group of  
doctors, medical physicists, engineers, and data scientists. Physics 
and physics-based computational methods are critical in several as-
pects of the technology.

A physics education provides a broad range of skills. My degree in 
physics combined with my computational skills enabled me to make 
these career transitions. During my PhD program, I not only learned 
physics, but I also learned how to learn. That gives me confidence in 
learning new subjects and techniques. Every single day I find my-
self incredibly enthused to be working on challenging problems that 
could improve health care and benefit others at the best hospital in 
the United States and beyond.  
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Parts 1 and 2 of this article appeared in the Spring and Fall 2022 issues of Radiations and are available 
at www.sigmapisigma.org/sigmapisigma/radiations/archive. Numbering in Part 3 continues from the 
previous parts.  
 
Editor’s note: We inadvertently created a new—and meaningless—matrix notation when we published 
Part 2. Our sincere apologies to author Dwight Neuenschwander and to you, our readers. The version 
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The Backstory 

 
The neutrino 𝜈𝜈𝜈𝜈 (“little neutral one”) was postulated by 
Wolfgang Pauli in 1930 to save the principles of energy 
and angular momentum conservation in beta decay. 
Without knowing about the neutrino, an observed reaction 
seemed to be 𝑛𝑛𝑛𝑛 → 𝑝𝑝𝑝𝑝 + 𝑒𝑒𝑒𝑒−. Consider energy: for the decay 
of a free neutron, in the neutron’s rest frame the 
conservation of energy gives 

 𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛𝑐𝑐𝑐𝑐2 = �𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝 + 𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒�𝑐𝑐𝑐𝑐2 +  𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 +  𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 (44) 

where K denotes kinetic energy, and by conservation of 
momentum [6], 

 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 . (45) 

Equations (44) and (45) together imply a unique 
kinetic energy for the emitted electron. Most neutrons 
reside in nuclei, and for the beta decay that turns, say, 
boron-12 into carbon-12, in the absence of neutrinos the 
unique kinetic energy of the electron would be 13.37 MeV. 
However, the actual kinetic energies of the electrons 
emitted in boron-12 beta decay range across the 
continuum from zero to 13.37 MeV. As Pauli realized, the 
presence of a third emitted particle offers an infinite 
number of ways to partition the kinetic energy and 
momentum, allowing the continuum of electron kinetic 
energies while preserving energy conservation. This third 
particle must have zero charge, since electric charge is 
conserved and the charges are already accounted for. 
Furthermore, it would have to interact ever so weakly 
since it slipped under the detection threshold of original 
instrumentation, suggesting the neutrino has very little if 
any mass. (According to neutrino reaction cross sections 
eventually measured, if a beam of neutrinos was sent 
through a block of lead a light-year thick, most of them 
would emerge out the other side!) The very weakness of 
neutrino interactions allows observations so far to give 

only upper bounds to the particle’s observables, such as 
its mass and magnetic dipole moment; typically, these 
quantities are taken to be zero, which, if not exactly 
correct, are good approximations.  

The neutrino (actually the antineutrino 𝜈𝜈𝜈𝜈𝜈) was first 
detected in 1956 when a team led by Frederick Reines 
and Clyde Cowan took advantage of the high antineutrino 
flux of the new Savannah River nuclear power plant to 
compensate for the particle’s low-probability interactions. 
Beta decays coming from the byproducts of the fission 
include the abundant reaction  

 𝑝𝑝𝑝𝑝 →  𝑛𝑛𝑛𝑛 + 𝑒𝑒𝑒𝑒− + 𝜈𝜈𝜈𝜈𝜈.  

Then and now, neutrinos and antineutrinos are detected 
indirectly by detecting the particles they produce in 
reactions. According to theory, the antineutrino from beta 
decay can drive the reaction, 

 𝜈𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 +  𝑝𝑝𝑝𝑝 →  𝑛𝑛𝑛𝑛 +  𝑒𝑒𝑒𝑒+.  

The position immediately annihilates with an electron to 
produce two 0.511 MeV gamma-ray photons, and in the 
Reines-Cowan experiment the neutron is absorbed by 
cadmium (with which the newly developed organic liquid 
scintillator detector was spiked) to produce a 9 MeV 
photon. The delay of a few microseconds between the 
production of the 0.511 MeV and 9 MeV photons allows a 
delayed-coincidence detection of the photons through an 
array of photomultiplier tubes [7]. 

As we presently understand the zoo of elementary 
particles, the fermions that participate in the strong and 
weak forces are the quarks, and the fermions that do not 
participate in the strong force are the leptons, whose most 
common representatives are the electron and its 
corresponding neutrino. There are three “flavors” (as they 
are whimsically called) of quarks and leptons; only the 
leptons concern us here [8], and the three lepton flavors 

Elegant Connections in Physics



are the electron 𝑒𝑒𝑒𝑒− and its neutrino 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒; the muon 𝜇𝜇𝜇𝜇− and 
its neutrino 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇; and the tau 𝜏𝜏𝜏𝜏− and its neutrino 𝜈𝜈𝜈𝜈𝜏𝜏𝜏𝜏—and 
their antiparticles. They all carry spin ½; the electron, 
muon, and tau carry negative charge (their antiparticles 
carry positive charge). The electron’s mass is about ½ 
MeV/𝑐𝑐𝑐𝑐2, the muon mass about 106 MeV/𝑐𝑐𝑐𝑐2, and the tau 
mass about 1777 MeV/𝑐𝑐𝑐𝑐2. Lepton flavor is so far evidently 
conserved (approximately if not exactly so) [9]; electron-
type neutrinos go with electrons, muon neutrinos with 
muons, and tau neutrinos with taus. The appearance of 
neutrinos is the hallmark of the weak interaction in 
reactions such as 

 𝑛𝑛𝑛𝑛 → 𝑝𝑝𝑝𝑝 +  𝑒𝑒𝑒𝑒− + �̅�𝜈𝜈𝜈𝑒𝑒𝑒𝑒 (46a) 

 𝜈𝜈𝜈𝜈𝜏𝜏𝜏𝜏 + 𝑛𝑛𝑛𝑛 → 𝑝𝑝𝑝𝑝 + 𝜏𝜏𝜏𝜏− (46b) 

 𝜇𝜇𝜇𝜇− +  𝑝𝑝𝑝𝑝 → 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇 + 𝑛𝑛𝑛𝑛 (46c) 

and so on. 
 

The Solar Neutrino Problem 
 

In the mid-1960s the famous “solar neutrino problem” 
surfaced. In the sun’s core electron-type neutrinos are 
produced in the first step of the proton-proton cycle of 
nuclear fusion, 𝑝𝑝𝑝𝑝 + 𝑝𝑝𝑝𝑝 → 𝐻𝐻𝐻𝐻12 + 𝑒𝑒𝑒𝑒+ +  𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 . Since neutrinos 
interact so weakly, they escape the sun at once, and each 
one carries no more than about 20 MeV of energy. Some 
of them pass through Earth. The neutrino detector in the 
Homestake Mine in South Dakota first raised the alarm 
about the solar neutrino problem. Headed by Raymond 
Davis, the experiment, which ran from 1970 to 1994, 
featured a large tank of dry-cleaning fluid, carbon 
tetrachloride CCl4. It detects solar neutrinos through the 
reaction 

 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 + 𝑛𝑛𝑛𝑛 → 𝑝𝑝𝑝𝑝 + 𝑒𝑒𝑒𝑒−. (46d) 

When this reaction occurs in a chlorine nucleus, it 
becomes the nucleus of the noble gas argon, which 
bubbles out to be collected. After several years of data 
collecting, the observed flux of neutrinos was about 2/3 
short of the prediction, even when the solar models took 
into account other fusion channels such as the CNO cycle 
in addition to the p-p cycle. 

The fact that neutrinos from the sun carry less than 
20 MeV but the muon and tau masses are 106 and 1777 
MeV/𝑐𝑐𝑐𝑐2, respectively, means that even if the neutrino 
could, somehow, produce the reaction, 𝜈𝜈𝜈𝜈 + 𝑛𝑛𝑛𝑛 → 𝑝𝑝𝑝𝑝 + 𝜇𝜇𝜇𝜇−; in 
other words, if muon neutrinos were somehow in the mix 
of incoming solar neutrinos, they would still not have 
enough energy to make the muon appear in the chlorine-
to-argon reaction. The insensitivity of the CCl4 to muon 
neutrinos was suggestive. The most promising solution, 
first published by Bruno Pontecorvo in 1957 [10], could 

explain the discrepancy while allowing conservation of 
lepton number and lepton flavor in interactions (particles 
and antiparticles have opposite signs of these numbers). 
Pontecorvo suggested the possibility that a neutrino 
oscillates between flavors as it travels freely, not 
interacting with anything! In other words, a 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 traveling 
freely might change into a 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇, then into a 𝜈𝜈𝜈𝜈𝜏𝜏𝜏𝜏, or back into 
a 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒. This is a coupled oscillator problem. The coupling 
and the frequency of this oscillation depend on two 
neutrino species having a mass difference. 

To model this business mathematically, the moment 
of epiphany comes with realizing that when propagating 
freely the neutrino state is a mass eigenstate, but when 
interacting the neutrino state is a flavor eigenstate. The 
flavor eigenstates are what we mean when saying a 
neutrino is an electron neutrino 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒, or a muon neutrino 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇 , 
or a tau neutrino 𝜈𝜈𝜈𝜈𝜏𝜏𝜏𝜏. The mass eigenstates are 
superpositions of the flavor eigenstates, and, conversely, 
the flavor eigenstates are superpositions of mass 
eigenstates—which means that “the” mass of a 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 or 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇 or 
𝜈𝜈𝜈𝜈𝜏𝜏𝜏𝜏 particle is not well defined. Be that as it may, the mass 
and flavor eigenstates form two complete sets of basis 
vectors in the abstract space of all neutrino states. We will 
consider the role of neutrino mass in flavor-changing from 
two perspectives: (1) as an eigenvalue problem, and (2) 
from a rotation-of-axes perspective. Of course, the 
approaches are two ways of doing the same thing, but it 
may be instructive to examine both, not only for our 
understanding of neutrinos, but also to deepen our 
appreciation of what eigenvectors and eigenvalues are all 
about. 
 
(1) Neutrino state eigenvectors 
 

For simplicity, let’s consider only two neutrino 
species. Begin with two mass eigenstates: neutrino state 
𝜈𝜈𝜈𝜈1 carries a definite mass 𝑚𝑚𝑚𝑚1, and neutrino state 𝜈𝜈𝜈𝜈2 carries 
a definite mass 𝑚𝑚𝑚𝑚2. To reiterate, these neutrinos do not 
have a unique flavor; they are superpositions of two 
flavors.  

The quantum wave function 𝜈𝜈𝜈𝜈𝑛𝑛𝑛𝑛(𝑡𝑡𝑡𝑡) of a freely 
propagating neutrino may be written with the usual 
quantum phase factor for a free particle of momentum p 
and energy E where, assuming for simplicity that the 
particle moves in only one spatial dimension x, 

 𝜈𝜈𝜈𝜈𝑛𝑛𝑛𝑛(𝑡𝑡𝑡𝑡) = 𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸) ℏ⁄  (47) 

where n = 1 or 2, and where 𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛 is a constant. 
Since the neutrino masses are very small if not zero, 

we may assume these particles move through the lab 
frame with speeds 𝑣𝑣𝑣𝑣 ≈ 𝑐𝑐𝑐𝑐. Therefore 𝑥𝑥𝑥𝑥 ≈ 𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡. The 
momentum p can be extracted from the relativistic 
energy-momentum relation for a free particle,  

 𝐸𝐸𝐸𝐸2 −  (𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐)2 = (𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐2)2. (48a) 



SPRING 2023  RADIATIONS  23

Since m is small, using a binomial expansion gives 

 
𝐸𝐸𝐸𝐸 𝐸 𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐 +

(𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐2)2

2𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐
 

(48b) 

 
and again, since m is small, we may use 𝑝𝑝𝑝𝑝 𝐸 𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐⁄  in the 
denominator of Eq. (48b): 

  
𝐸𝐸𝐸𝐸 𝐸 𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐 +

(𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐2)2

2𝐸𝐸𝐸𝐸
. 

(48c) 

In solving Eq. (48c) for p and recalling 𝑥𝑥𝑥𝑥 𝐸 𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡, Eq. (47) 
becomes  

 𝜈𝜈𝜈𝜈𝑛𝑛𝑛𝑛(𝑡𝑡𝑡𝑡) 𝐸  𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝐸𝐸𝐸𝐸 (49) 

where 

 
𝜔𝜔𝜔𝜔𝑛𝑛𝑛𝑛 ≡

(𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛𝑐𝑐𝑐𝑐2)2

2𝐸𝐸𝐸𝐸𝐸
 . 

(50) 

These two neutrino states, each of definite mass, can 
be arranged as a vector in the abstract space inhabited 
by two neutrino species. In the two-dimensional “mass 
basis” an arbitrary neutrino state is 

 
|𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚⟩  =  �

𝜈𝜈𝜈𝜈1
𝜈𝜈𝜈𝜈2� =  �𝐴𝐴𝐴𝐴1𝑒𝑒𝑒𝑒

−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖1𝐸𝐸𝐸𝐸

𝐴𝐴𝐴𝐴2𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2𝐸𝐸𝐸𝐸
�. 

(51) 

Requiring all the mass to reside somewhere among 
neutrino species 1 and 2 gives the constraint 

  〈𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚|𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚〉  =  1 (52a) 

which with Eq. (51) yields 

 |𝐴𝐴𝐴𝐴1|2 + |𝐴𝐴𝐴𝐴2|2  =  1 (52b) 

so the 𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛 can be parameterized as 

 𝐴𝐴𝐴𝐴1 = cos 𝜃𝜃𝜃𝜃 (52c) 

 𝐴𝐴𝐴𝐴2 = sin𝜃𝜃𝜃𝜃 (52d) 

for some real number 𝜃𝜃𝜃𝜃. 
We are saying that the state of a freely propagating 

neutrino is an eigenstate of a Hamiltonian 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 whose 
eigenvalues include the masses 𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛. That Hamiltonian 
would be 

 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  𝐸 �𝜔𝜔𝜔𝜔1 0
0 𝜔𝜔𝜔𝜔2

� (53) 

because in the Schrödinger equation the states of Eq. 
(49) give 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒|𝜈𝜈𝜈𝜈𝑛𝑛𝑛𝑛⟩  =  𝐸𝜔𝜔𝜔𝜔𝑛𝑛𝑛𝑛|𝜈𝜈𝜈𝜈𝑛𝑛𝑛𝑛⟩. 

The neutrinos of definite flavor in the weak 
interactions, 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 , 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇, and 𝜈𝜈𝜈𝜈𝜏𝜏𝜏𝜏, are not eigenstates of 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. 
They can, however, be written as superpositions of the 
definite-mass neutrino eigenstates. Considering that we 
are using only two neutrino species, say 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 and 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇 [11], 
using Eqs. (51) and (52c-d) we may write for the electron 
neutrino 

 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) =  𝑎𝑎𝑎𝑎1𝜈𝜈𝜈𝜈1(𝑡𝑡𝑡𝑡) +  𝑎𝑎𝑎𝑎2𝜈𝜈𝜈𝜈2(𝑡𝑡𝑡𝑡)  

             = 𝑎𝑎𝑎𝑎1 cos𝜃𝜃𝜃𝜃 𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖1𝐸𝐸𝐸𝐸  +  𝑎𝑎𝑎𝑎2 sin𝜃𝜃𝜃𝜃 𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2𝐸𝐸𝐸𝐸 (54a) 

and for the muon neutrino 

   𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) = 𝑏𝑏𝑏𝑏1 cos𝜃𝜃𝜃𝜃 𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖1𝐸𝐸𝐸𝐸  +  𝑏𝑏𝑏𝑏2 sin𝜃𝜃𝜃𝜃 𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2𝐸𝐸𝐸𝐸 (54b) 

where 𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛 and 𝑏𝑏𝑏𝑏𝑛𝑛𝑛𝑛 are constants. 
These neutrino states, along with 𝜈𝜈𝜈𝜈𝜏𝜏𝜏𝜏(𝑡𝑡𝑡𝑡), are flavor 

eigenstates of the weak-interaction Hamiltonian. The 
weak interactions can preserve flavor, such as  

 𝜇𝜇𝜇𝜇+ + 𝜇𝜇𝜇𝜇− → 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇 + 𝜈𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇 (55a) 

or they can change flavor without violating any lepton 
flavor conservation laws (the particle and antiparticles of 
the same flavor have opposite-sign lepton numbers), such 
as 

 𝜇𝜇𝜇𝜇+ + 𝜇𝜇𝜇𝜇− → 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 + 𝜈𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒. (55b) 

For generic interactions that allow both flavor-preserving 
and flavor-changing events, we can parameterize the 
neutrino interaction Hamiltonian (still in two-dimensional 
neutrino state space) as 

 
𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝐸𝐸𝐸𝐸 = �

𝐻𝐻𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝑒𝑒𝑒𝑒𝜇𝜇𝜇𝜇
𝐻𝐻𝐻𝐻𝜇𝜇𝜇𝜇𝑒𝑒𝑒𝑒 𝐻𝐻𝐻𝐻𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇

� ≡  �𝛼𝛼𝛼𝛼 𝛼𝛼𝛼𝛼
𝛼𝛼𝛼𝛼 𝛼𝛼𝛼𝛼�. 

(56) 

These matrix elements will depend on the weak force 
parameters such as the Fermi coupling constant GF.  The 
diagonal elements describe weak interactions that 
preserve lepton flavor, such as the reaction of (55a) and 
scattering events like 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 + 𝑒𝑒𝑒𝑒− → 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 + 𝑒𝑒𝑒𝑒−. The off-diagonal 
elements describe weak interactions where the incoming 
and outgoing neutrinos have different flavors, such as 
reaction (55b) or 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒 + 𝑒𝑒𝑒𝑒+ → 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇 + 𝜇𝜇𝜇𝜇+. But note that we have 
seen this sort of Hamiltonian before.  

To find out what the 𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛 and 𝑏𝑏𝑏𝑏𝑛𝑛𝑛𝑛 in Eqs. (54) are, the 
eigenvalue problem for 𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝐸𝐸𝐸𝐸 falls readily to hand, because 
its eigenvectors are the electron and muon neutrinos.  

To proceed, for the Hamiltonian of Eq. (56) we 
parameterize its eigenstates as 

 |𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝐸𝐸𝐸𝐸⟩  =  �
𝑝𝑝𝑝𝑝
𝑞𝑞𝑞𝑞� 𝑒𝑒𝑒𝑒

−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝐸𝐸 𝐸⁄  (57) 
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where p and q are independent of time. Now the 
Schrödinger equation becomes 

 𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛|𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛⟩  =  𝜆𝜆𝜆𝜆|𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛⟩. (58) 

Our task is to find the eigenvalues 𝜆𝜆𝜆𝜆 through the 
application of the theorem of alternatives and then use 
these eigenvalues in Eq. (58) to find the eigenvectors 
normalized to unit magnitude. But this is mathematically 
identical to the ammonia molecule problem, so we have 
done this before. It follows that 𝜆𝜆𝜆𝜆 =  𝛼𝛼𝛼𝛼 ± 𝛽𝛽𝛽𝛽, and the 
corresponding normalized time-independent portion of 
the eigenvectors of Eq. (51) are 

  �
𝑝𝑝𝑝𝑝
𝑞𝑞𝑞𝑞�𝑖𝑖𝑖𝑖=𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼

 =  
1
√2

�1
1� (59a) 

and    

 �
𝑝𝑝𝑝𝑝
𝑞𝑞𝑞𝑞�𝑖𝑖𝑖𝑖=𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼

 =  
1
√2

�   1
−1�. (59b) 

Let us suppose that the 𝛼𝛼𝛼𝛼 + 𝛽𝛽𝛽𝛽 eigenvalue belongs to 
the electron neutrino. This means that Eqs. (59a) and 
(54a) at t = 0 are the same state, so that 

 1
√2

�1
1�  =  �𝑎𝑎𝑎𝑎1 cosθ

𝑎𝑎𝑎𝑎2 sinθ� (60) 

and therefore 1
√2

= 𝑎𝑎𝑎𝑎1cosθ and 1
√2

= 𝑎𝑎𝑎𝑎2sinθ, suggesting as 
a solution (not the unique solution, remember the theorem 
of alternatives) 𝑎𝑎𝑎𝑎2 =  𝑎𝑎𝑎𝑎1  ≡ 𝑎𝑎𝑎𝑎, which then requires sin 𝜃𝜃𝜃𝜃 =
cos 𝜃𝜃𝜃𝜃  =  1 √2⁄  and 𝜃𝜃𝜃𝜃 = 𝜋𝜋𝜋𝜋 4⁄ . Restoring the time 
dependence by letting t be nonzero in Eq. (54a), we have 
the electron neutrino wave function expressed as 
superpositions of the mass eigenstate wave functions: 

 𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) =  
𝑎𝑎𝑎𝑎
√2

(𝑒𝑒𝑒𝑒𝛼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖1𝑛𝑛𝑛𝑛 +  𝑒𝑒𝑒𝑒𝛼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2𝑛𝑛𝑛𝑛). (61a) 

Carrying out the same procedure by identifying the 𝛼𝛼𝛼𝛼 − 𝛽𝛽𝛽𝛽 
eigenvalue with the muon-type neutrino produces 

 
𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) =  

𝑏𝑏𝑏𝑏
√2

(𝑒𝑒𝑒𝑒𝛼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖1𝑛𝑛𝑛𝑛 −  𝑒𝑒𝑒𝑒𝛼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2𝑛𝑛𝑛𝑛). 
(61b) 

Given the 1 √2⁄  in both flavor eigenstates, it appears that 
in the abstract space of neutrino states the flavor 
eigenstates are rotated by 45 degrees relative to the mass 
eigenstates. Let  

 𝜔𝜔𝜔𝜔2 =  𝜔𝜔𝜔𝜔1 +  𝛿𝛿𝛿𝛿. (62) 

Then the flavor eigenstates can be written 

 
𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) =  √2 𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝛼𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖1𝛼 𝛿𝛿𝛿𝛿 2⁄ )𝑛𝑛𝑛𝑛  cos �

𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡
2
� 

(63a) 

 
𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) =  √2 𝑖𝑖𝑖𝑖𝑏𝑏𝑏𝑏𝑒𝑒𝑒𝑒𝛼𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖1𝛼 𝛿𝛿𝛿𝛿 2⁄ )𝑛𝑛𝑛𝑛 sin �

𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡
2
�. 

(63b) 

The probability of a neutrino being an electron 
neutrino at time t is 

 
𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) =  |𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒|2 =  2𝑎𝑎𝑎𝑎2cos2 �

𝛿𝛿𝛿𝛿𝑥𝑥𝑥𝑥
2𝑐𝑐𝑐𝑐
� 

(64a) 

and the probability of it being a muon neutrino at time t is 

 
𝑃𝑃𝑃𝑃𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡)  =  |𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇|2 =  2𝑏𝑏𝑏𝑏2sin2 �

𝛿𝛿𝛿𝛿𝑥𝑥𝑥𝑥
2𝑐𝑐𝑐𝑐
�. 

(64b) 

If these were the only two neutrino flavors, then as long 
as the neutrino exists, 

 1 =  𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) +  𝑃𝑃𝑃𝑃𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) =  2(𝑎𝑎𝑎𝑎2 + 𝑏𝑏𝑏𝑏2) (65) 

or 𝑎𝑎𝑎𝑎2 + 𝑏𝑏𝑏𝑏2 = ½, which allows these coefficients to be 
parameterized as 𝑎𝑎𝑎𝑎 =  1

√2
cos𝜙𝜙𝜙𝜙 and 𝑏𝑏𝑏𝑏 =  1

√2
sin𝜙𝜙𝜙𝜙 for some 

angle 𝜙𝜙𝜙𝜙 to be fit to data.  
 
(2) Rotation of axes 
 

Return to the concept that any two neutrino flavor 
states are a superposition of states of definite mass: 

 �
𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒
𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇� =  �

𝑎𝑎𝑎𝑎1 𝑎𝑎𝑎𝑎2
𝑏𝑏𝑏𝑏1 𝑏𝑏𝑏𝑏2� �

𝜈𝜈𝜈𝜈1 
𝜈𝜈𝜈𝜈2 � (66) 

which can be abbreviated as 

 �𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�  =  Λ�𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚⟩ (67) 

where 

 |𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�  =  �
𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒
𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇� (68a) 

 |𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚⟩  = �
𝜈𝜈𝜈𝜈1 
𝜈𝜈𝜈𝜈2 � (68b) 

and Λ is the square matrix in Eq. (66). So long as the 
neutrino exists—whatever its flavor and mass—we 
require 

 〈𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓|𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓〉  =  〈𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚|𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚〉. (69) 

The adjoint (denoted with †, the transpose and complex 
conjugate) of Eq. (66) gives 

 �𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓|  =  ⟨𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚|Λ†. (70) 

Now Eq. (69) becomes 
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 ⟨𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�Λ†Λ�𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚⟩  =  ⟨𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚|𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚⟩ (71) 

 
which requires 

 Λ†Λ = 1�  (72a) 

(one says that Λ is “unitary”), which in detail requires 

 �𝑎𝑎𝑎𝑎
∗
1 𝑏𝑏𝑏𝑏∗1

𝑎𝑎𝑎𝑎∗2 𝑏𝑏𝑏𝑏∗2
� �
𝑎𝑎𝑎𝑎1 𝑎𝑎𝑎𝑎2
𝑏𝑏𝑏𝑏1 𝑏𝑏𝑏𝑏2� = �1 0

0 1�. (72b) 

This condition implies 

 |𝑎𝑎𝑎𝑎1|2 + |𝑎𝑎𝑎𝑎2|2 =  1 (72c) 

 |𝑏𝑏𝑏𝑏1|2 + |𝑏𝑏𝑏𝑏2|2 =  1 (72d) 

and 

 𝑎𝑎𝑎𝑎∗2𝑎𝑎𝑎𝑎1 + 𝑏𝑏𝑏𝑏1𝑏𝑏𝑏𝑏∗2 =  0. (72e) 

All of these constraints are consistent with 

 Λ = �    cos 𝜃𝜃𝜃𝜃 sin𝜃𝜃𝜃𝜃
− sin𝜃𝜃𝜃𝜃 cos 𝜃𝜃𝜃𝜃�. (73) 

Now Eq. (66), informed by Eq. (73) and with Eq. (49) 
showing the time dependence explicitly, becomes 

 �
𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡)
𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡)�

=  �    cos𝜃𝜃𝜃𝜃 sin𝜃𝜃𝜃𝜃
− sin𝜃𝜃𝜃𝜃 cos 𝜃𝜃𝜃𝜃� �

𝜈𝜈𝜈𝜈1(0)𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝜔𝜔𝜔𝜔1𝐸𝐸𝐸𝐸  
𝜈𝜈𝜈𝜈2(0) 𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝜔𝜔𝜔𝜔2𝐸𝐸𝐸𝐸

�. 
(74) 

The transformation from neutrino states of definite mass 
to states of definite flavor is merely a rotation of axes in 
the abstract two-dimensional space of neutrino states. 

Our goal is to predict the probability that a neutrino 
which begins its life at time t = 0 as an electron neutrino 
will turn into a muon neutrino at time t > 0. In other words, 
we intend to calculate |〈𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡)|𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(0)〉|2. To prepare the 
way, the time dependence of the mass eigenstates can 
be factored out of Eq. (74) as follows: 

 �
𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡)
𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡)� =  

�    cos𝜃𝜃𝜃𝜃 sin𝜃𝜃𝜃𝜃
− sin 𝜃𝜃𝜃𝜃 cos𝜃𝜃𝜃𝜃� �

    𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝜔𝜔𝜔𝜔1𝐸𝐸𝐸𝐸 0
0 𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝜔𝜔𝜔𝜔2𝐸𝐸𝐸𝐸

� �
𝜈𝜈𝜈𝜈1(0)
𝜈𝜈𝜈𝜈2(0)�. 

(75a) 

This gives, at t = 0, the relation 

 �
𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(0)
𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(0)� = �    cos𝜃𝜃𝜃𝜃 sin𝜃𝜃𝜃𝜃

− sin𝜃𝜃𝜃𝜃 cos𝜃𝜃𝜃𝜃� �
𝜈𝜈𝜈𝜈1(0)
𝜈𝜈𝜈𝜈2(0)� 

(75b) 

[which could be shown from Eq. (74), but the matrix with 
the exponential elements will prove useful]. In other 
words, 

 �𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(0)� =  Λ�𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(0)⟩ (76a) 

 
from which it follows that 

 Λ−1 |𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(0) � = |𝜈𝜈𝜈𝜈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(0)⟩. (76b) 

From Eq. (72a) we see that Λ−1 = Λ†, therefore 

 Λ† = �  cos 𝜃𝜃𝜃𝜃 −sin𝜃𝜃𝜃𝜃
 sin𝜃𝜃𝜃𝜃    cos𝜃𝜃𝜃𝜃�. (77) 

Now we can write |𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡)� in terms of |𝜈𝜈𝜈𝜈𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(0)�. 
Putting Eqs. (75a), (76b), and (77) together, we have 

 �
𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡)
𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡)� =  Λ � 𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝜔𝜔𝜔𝜔1𝐸𝐸𝐸𝐸        0 

        0        𝑒𝑒𝑒𝑒−𝑖𝑖𝑖𝑖𝜔𝜔𝜔𝜔2𝐸𝐸𝐸𝐸
� Λ† �

𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(0)
𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(0)�. (78) 

Writing out the matrix multiplication is a bit of work; to 
simplify the result it helps to use Eq. (62), 𝜔𝜔𝜔𝜔2 =  𝜔𝜔𝜔𝜔1 +  𝛿𝛿𝛿𝛿. 
The top component of Eq. (78) is, in Dirac bracket 
notation, 

 |𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡)⟩  = 

𝑒𝑒𝑒𝑒−𝜔𝜔𝜔𝜔1𝐸𝐸𝐸𝐸 �𝑈𝑈𝑈𝑈|𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(0)⟩ −  𝑖𝑖𝑖𝑖 sin(2𝜃𝜃𝜃𝜃) sin �
𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡
2 � |𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(0)�� 

(79a) 

where 𝑈𝑈𝑈𝑈 ≡ cos2𝜃𝜃𝜃𝜃 +  𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝛿𝛿𝛿𝛿𝐸𝐸𝐸𝐸sin2𝜃𝜃𝜃𝜃. The bottom component of 
Eq. (78) is 

 |𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡)� = 

𝑒𝑒𝑒𝑒−𝜔𝜔𝜔𝜔2𝐸𝐸𝐸𝐸 �−𝑖𝑖𝑖𝑖 sin2𝜃𝜃𝜃𝜃 sin �𝛿𝛿𝛿𝛿𝐸𝐸𝐸𝐸
2
� |𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(0)⟩ +  𝑈𝑈𝑈𝑈|𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(0)��. 

(79b) 

Let a neutrino start out as an electron neutrino at t = 
0. The amplitude for it to become a muon neutrino at time 
t > 0 follows by multiplying �𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡)| of Eq. (79b) with |𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(0)⟩ 
and using the orthonormality of the flavor states; 
therefore, 

 �𝜈𝜈𝜈𝜈𝑒𝑒𝑒𝑒(0)�𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡)�  =  𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡 sin(2𝜃𝜃𝜃𝜃)sin �
𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡
2
� (80a) 

where 𝑖𝑖𝑖𝑖 = 𝜔𝜔𝜔𝜔1 + 𝛿𝛿𝛿𝛿
2
 . The corresponding probability follows, 

 
𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒→𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡)  =  sin2(2𝜃𝜃𝜃𝜃)sin2 �

𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡
2
�. 

(80b) 

Similarly, the probability for a neutrino that is a muon 
neutrino at t = 0 to become an electron neutrino at t > 0 is 
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𝑃𝑃𝑃𝑃𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) =  |�𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡)�𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇(0)�|2 

  = sin2(2𝜃𝜃𝜃𝜃)sin2 �𝛿𝛿𝛿𝛿𝐸𝐸𝐸𝐸
2
�. 

(80c) 

If 𝛿𝛿𝛿𝛿 𝛿 0, in other words, if 𝑚𝑚𝑚𝑚1 𝛿  𝑚𝑚𝑚𝑚2, then electron 
neutrinos and muon neutrinos can change back and forth 
into each other—neutrino oscillations occur [11].  The 
spatial period of the oscillation—how far a neutrino travels 
before it changes from one flavor to the other—can be 
found by using t = x/c to convert the neutrino’s travel time 
to the distance traveled. The wavelength 𝜆𝜆𝜆𝜆 of the 
oscillation can then be read off the phase in Eqs. (80), 
recognizing 𝛿𝛿𝛿𝛿 2𝑐𝑐𝑐𝑐⁄  as a wavenumber 𝑘𝑘𝑘𝑘 = 2π λ⁄ , which 
gives 

𝛿𝛿𝛿𝛿
2𝑐𝑐𝑐𝑐

=  
2𝜋𝜋𝜋𝜋
𝜆𝜆𝜆𝜆

. 
(81a) 

From Eq. (62), 𝛿𝛿𝛿𝛿 =  𝜔𝜔𝜔𝜔2 − 𝜔𝜔𝜔𝜔1, which by Eq. (50) says 

𝛿𝛿𝛿𝛿 =  
1

2𝐸𝐸𝐸𝐸𝐸
[(𝑚𝑚𝑚𝑚2𝑐𝑐𝑐𝑐2)2 − (𝑚𝑚𝑚𝑚1𝑐𝑐𝑐𝑐2)2]. (81b) 

Now Eq. (81a) gives, for the distance between neutrino 
flavor-changing events, 

𝜆𝜆𝜆𝜆 = 8𝜋𝜋𝜋𝜋𝐸𝑐𝑐𝑐𝑐 𝜋
𝐸𝐸𝐸𝐸

 (𝑚𝑚𝑚𝑚2𝑐𝑐𝑐𝑐2)2 − (𝑚𝑚𝑚𝑚1𝑐𝑐𝑐𝑐2)2
� 

(81c) 

 ≈ 1 × 10−5 m eV 𝜋
𝐸𝐸𝐸𝐸

 (𝑚𝑚𝑚𝑚2𝑐𝑐𝑐𝑐2)2 − (𝑚𝑚𝑚𝑚1𝑐𝑐𝑐𝑐2)2
�. 

Data for electron- and muon-type neutrinos says 
(𝑚𝑚𝑚𝑚2𝑐𝑐𝑐𝑐2)2 − (𝑚𝑚𝑚𝑚1𝑐𝑐𝑐𝑐2)2  ≈ 7.5 × 10−5 eV2. At 𝐸𝐸𝐸𝐸 = 20 MeV, 
these numbers give in Eq. (81c) a distance 𝜆𝜆𝜆𝜆𝜇𝜇𝜇𝜇𝑒𝜇𝜇𝜇𝜇 = 1300 
km (780 miles) for electron-muon oscillations. The value 
of  (𝑚𝑚𝑚𝑚2𝑐𝑐𝑐𝑐2)2 − (𝑚𝑚𝑚𝑚1𝑐𝑐𝑐𝑐2)2 for muon- and tau-type neutrinos is 
2.4 × 10−3 eV2,  which at 20 MeV gives 𝜆𝜆𝜆𝜆𝜇𝜇𝜇𝜇𝑒𝜇𝜇𝜇𝜇 = 32 m. Data 
suggest that the mixing angle 𝜃𝜃𝜃𝜃 for electron-muon 
neutrino oscillations is about 33. 9∘ and about 45∘ for 
muon-tau oscillations [12]. 

How to Catch a Neutrino 

The Reines-Cowan and Davies experiments were 
sensitive to electron-type neutrinos. Other options were 
soon forthcoming. In 1974 Howard Georgi and Sheldon 
Glashow and others predicted proton decay as a 
consequence of “grand unified” theories, which put quarks 
and leptons in a common family and allowed transitions 
between them. These theories predict a proton lifetime on 

the order of 1031 years. We can’t wait for 1031 years to see 
if a proton decays in the reaction 𝑝𝑝𝑝𝑝 𝜇  𝑒𝑒𝑒𝑒+ + 𝜋𝜋𝜋𝜋0, but in a 
collection of 1031 protons, there should be about one 
decay per year. A thousand tons of matter would have 
about 5 × 1032 protons and, if the theory is correct, about 
50 of them per year should decay [13]. Assemble a 
thousand tons of transparent matter (pure water), 
surround it with photomultiplier tubes, and watch for the 
Cherenkov radiation (light emitted by a charged particle 
moving at the speed v, where c/n < v < c with n the 
medium’s refractive index), a “shock wave” cone of light 
that can be detected by photomultiplier tubes. 

Several such detectors were built in the early 1980s, 
but the idea was not new. In 1954 Frederick Reines, 
Clyde Cowan, and Maurice Goldhaber, using part of the 
detector with which they detected the antineutrino two 
years later, put a lower bound of 1022 years on proton 
decay, and a 1974 proposal by Reines and William Kropp 
presciently envisioned a 10-kiloton proton decay 
detector—which was turned down for “lack of theoretical 
motivation” at that time [14].  Subtracting neutrino 
backgrounds offered a serious challenge to these 
experiments; for example, elastic scattering of neutrinos 
by electrons, 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇 + 𝑒𝑒𝑒𝑒− 𝜇 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇 +  𝑒𝑒𝑒𝑒−, could produce an 
electron with enough energy to emit Cherenkov radiation. 

So far proton decay has not been observed. But with 
such massive detectors in place that are sensitive to 
neutrino events, serendipitous results ensued. In 1998 a 
group working with a detector deep in a mine in 
Kamiokande, Japan, first published evidence for 
oscillations in “atmospheric neutrinos” [15], neutrinos 
produced when cosmic rays from the sun collide with 
nuclei in the upper atmosphere to produce muons and 
muon neutrinos. The discovery was made by “Super-
Kamiokande,” which uses Earth’s diameter as a baseline: 
solar or atmospheric neutrinos pass through us from 
above in the daytime and come up through the floor at 
night. Super-Kamiokande reported, “The number of the 
upward going neutrinos was only half of the number of the 
down going neutrinos. This is because the muon 
neutrinos passing through the earth turn into tau 
neutrinos” [14] (recall that the muon-tau oscillation length 
is quite short). Super-Kamiokande produced the first hard 
evidence for 𝜇𝜇𝜇𝜇 − 𝜇𝜇𝜇𝜇 neutrino oscillations in atmospheric 
neutrinos but not conclusive verification of oscillations in 
solar neutrinos.  

In 1984 the neutrino detection story took another turn 
when Herb Chen pointed out the advantages of using 
hydrogen-2 as the detector medium [16].  In a charged 
current interaction  (similar to the Homestake reaction, but 
with deuterons instead of chlorine nuclei), the neutrino 
collides with the neutron in hydrogen-2, turning it into a 
proton and electron: 𝜈𝜈𝜈𝜈𝜇𝜇𝜇𝜇 + H1

2 𝜇 𝑝𝑝𝑝𝑝 + 𝑝𝑝𝑝𝑝 + 𝑒𝑒𝑒𝑒−.  Since E < 20  
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MeV for solar neutrinos and the muon mass = 106 
MeV/c2, only electron neutrinos participate here, although 
this reaction is detectable since the electron carries 5–15 
MeV of energy. But there is also a neutral current 
interaction that can proceed with any lepton flavor: 

𝜈𝜈𝜈𝜈𝜌𝜌𝜌𝜌 +  H1
2 → 𝑛𝑛𝑛𝑛 + 𝑝𝑝𝑝𝑝 +  𝜈𝜈𝜈𝜈𝜌𝜌𝜌𝜌 (82) 

where 𝜌𝜌𝜌𝜌 =  𝑒𝑒𝑒𝑒, 𝜇𝜇𝜇𝜇, or 𝜏𝜏𝜏𝜏. This possibility led to the founding 
of the Solar Neutrino Observatory (SNO) near Sudbury, 
Ontario. SNO is a 12-meter-diameter acrylic sphere 
containing 1000 tons of heavy water, surrounded by 
photomultiplier tubes to detect Cherenkov radiation. The 
heavy water was loaned to the experiment by Atomic 
Energy of Canada. The sphere containing heavy water 
was surrounded by another sphere containing ordinary 
water. 
  In a reaction (82) the neutron that emerges can react 
with a second deuteron to make helium-3 and a 6 MeV 
photon: 𝑛𝑛𝑛𝑛 + H1

2 → He33 +  𝛾𝛾𝛾𝛾 (6 MeV). One could collect 
the helium (analogous to how the Homestake experiment 
collected the noble gas argon), but the photons are 
detected immediately by the array of photomultiplier 
tubes. Neutrons that escape the heavy water sphere enter 
the shell of ordinary water, where some of them collide 
with hydrogen-1 to drive the reaction  𝑛𝑛𝑛𝑛 + H1

1 → H1
2 +

 𝛾𝛾𝛾𝛾(2.2 MeV) to produce more signals for the 
photomultiplier tubes. The SNO results of 2001 were firm 
evidence for neutrino oscillations in solar neutrinos [17]. 

The 2015 Nobel Prize in Physics was awarded to 
Arthur McDonald, director of SNO, and Takaaki Kajita, 
leader of the group at Kamiokande, for the observation of 
neutrino oscillations. The humble coupled oscillator 
touches a lot of physics! 
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Jenna K. Smith
Luther W. Smith

Casey Stark
Robert B. Stevens
James W. Taylor
William M. Terrone
Mark J. Tollin

William J. Tropf
Ping Wei Tseng
Howard T. Voorheis
Brandon Walton
Jack Warner

Thomas J. Welsh
Michael G. Wetzel
Yi-Chen Yeh
Tian Zhang

SPONSOR

Anonymous (15)
Rebecca Abbott-
McCune
Koichi Abe
Douglas S. Abraham
Louis W. Adams
James R. Adney
Charles Ahlfeld
Buster O. Alexander
David H. Alexander
Susan A. Allen
Philip W. Alley
Dennis O. Allison
Harvey A. Alperin
Arthur Altshiller
Ken J. Ando
Theodor Andresen
Steven M. Anlage
Joseph B. Anthony
Radoslav D. Antonov
Julian Y. Ares
Gregory A. Ashe
John T. Atkinson
Ivan P. Auer
Robert H. Austin
Blane Baker
Kimberly S. Baker
Todd W. Baker
Sonia C. Balcer
James S. Balent
Irvin Balin
Edmund K. Banghart
Paul M. Barlow
Richard L. Barrett
David J. Barsky
Stephen C. Barton
Jeremiah Baughman
Glenn A. Beavers
Brett L. Beckfield
John E. Bellotti

Benevity Community 
Impact Fund*
Frederick D. Benton
Leonard M. Berman
Paul R. Berman
Stephen E. Bernacki
Louis G. Beverino
Paul A. Bicknell
Richard A. Bitzer
Christine L. Bjorklund
The Blackbaud Giving 
Fund*
Alan D. Blackburn
Thomas E. Blackburn
Douglas M. Blakeley
Julio R. Blanco
Sean Blandino
Amy Bleich
Earl D. Blodgett
Solon F. Blundell
John D. Boice
Chris C. Bonde
Paul C. Bono
Richard G. Born
Walter L. Borst
William W. Bower
Monique Boyce
Richard C. Bradley
Deborah Brewer
David K. Brice
Sue Broadston
David S. Brown
Ronald A. Brown
Charles G. Bruch
James S. Brunner
Gwendolyn M. 
Buchholz
Marvin G. Bures
Susan L. Burkett
Bruce C. Burkey
C. M. Burlingame

Louis C. Burmeister
Ronald G. Burns
Stephen H. Burns
Aurora V. Bustos
Tikhon Bykov
Brenda Cabell
Mildred Calistri-Yeh
Wendy M. Calvin
Roger D. Campbell
Sandor Caplan
Thomas J. Carpenter
Glenn E. Carroll
Steven L. Carter
Abby Case
David C. Cassidy
Diego J. Castano
Leanne Catrett-
Tamblyn
William C. Cavallo
Leemer G. 
Cernohlavek
Susan A. Chambers
Jagdish Chander
Arvind Chauhan
Cherh-Lin Chen
Ta-Pei Cheng
Dawn C. Chesonis
Thomas M. 
Christensen
Joseph R. Cipriano
Richard T. Close
Joann M. Coates
Morrel H. Cohen
Teresa L. Cole
Edward C. Connell
Brad Conrad
Philip S. Considine
Richard A. Coppola
Christopher J. Corey
Lynn Cottrill
Michael R. Coussa

Christopher M. Crane
James Crittenden
John Cumings
John F. Cummings
Julian C. Cummings
Jerome M. Daniel
William T. Dannheim
John L. Darby
Teymour Darkhosh
David Davison
Armand M. De Palo
Andrew G. De Rocco
Thomas C. DeCanio
Andrew M. Degges
John J. Degnan
Charles S. Dejohn
Jonathan DeMaria
Ann M. Deml
Brittany Des Vignes
Lorraine DeSalvo
Roger W. Desnoyers
David A. Detwiler
Robert P. Devaty
Michael J. Devoe
David H. DeVorkin
Brendan F. Diamond
Tiara Diamond
Victor Diatschenko
Richard L. Dickson
Emanuel V. Dimiceli
Rose M. Dishman
John A. Dodds
Dominion Energy
Vincent L. Donlan
Robert R. Dorsch
Jane Drake
Philip L. Dreike
John C. Driscoll
Judy R. Dubno
Donald P. Duncan

J. L. Dunlap
George E. Durling
Kendra A. Eagan
Ken L. Echternacht
Theodore L. Einstein
Michael T. Eismann
Kathi A. Ellison
John R. Engel
Serenity Engel
Eric S. Englestein
Robert V. Erickson
Fred T. Erskine
Curtis P. Eschels
Peter Esser
Thomas F. Ewing
Patrick Fagbola
David W. Fahey
Madeline Falcone
Jesse Farr
Frances R. Faylor
Dolores A. Federation
Steven R. Federman
Leonard C. Feldman
Steve A. Feller
Robert L. 
Fenstermacher
Christopher T. Field
Marian Fincher
William P. Fitzgerald
Timothy E. 
Fitzsimmons
John Fontanella
Robert S. Fortenberry
Eduardo H. Fradkin
Rudy A. Frahm
Charles L. Francis
Albert J. Franco
Kenneth L. Frankel
Dennis J. French
Eleanor J. Fulton

COMMUNITY SUPPORTERS
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Michael J. Garee
David Garfinkle
Samuel D. Gasster
Elinor L. Gates
Alina Gearba-Sell
Bertram B. Geeslin
Mary Gehrke
Bruce Gibbs
Randal E. Gibson
Lanetta M. Gilder
Amandeep Gill
James B. Gillespie
Patti S. Gillespie
Gary G. Gimmestad
George Glass
Thomas R. Gleason
Stephen W. Glenn
David P. Gluch
Hirsch T. Goffman
Mark A. Gogins
Stuart Goldenberg
Todd A. Goldsmith
Howard Gordon
John Gordon
Leon Gortler
Chris L. Gottbrath
Clemence R. Graef
Richard S. Graham
Thomas P. Graham
Edward L. Grissing
Robert C. Groman
Michael P. Grone
James M. Gross
Jeffery T. Grothaus
Susan J. Grow
Zhenghao Gu
Nicole E. Gugliucci
Jian Guo
Christopher L. Hackert
Edward E. Hagenlocker
Dean W. Halderson
Jacob Hale
Carter Hall
John R. Hall
Maurice E. Halladay
Edward B. Hanfling
Harry E. Hardebeck
Douglas J. Harke

Richard E. Harney
Marguerite Harning
Lee E. Harrell
Arthur Harris
Gary M. Harris
Dewitt E. Harrison
Paul F. Harten
Brittney M. Hauke
Mary Ann Hayes
Lewis C. Hecht
Michael J. Heinecke
Gary L. Heisler
Herb F. Helbig
Paul R. Heller
Thomas G. Heller
Gary L. Hendrickson
Lee A. Hennig
Katherine Henriksson
Dennis C. Henry
Linda Herman
Joseph S. Hickert
Mary J. Hickey
Michael B. Hickey
Richard A. Hieber
John C. Hill
Timothy Hobson
Duncan M. Hoehn
Eugene J. Hoffman
Julian B. Holder
Gerald C. Holst
James E. Hook
Eric Hoppmann
Merri L. Horn
Bruce K. Horne
Joseph A. Horvath
Rayford P. Hosker
Jacob W. Huang
James R. Huckle
Albert Huen
Jeffery D. Hurley
James E. Hurt
Rachel Ivie
Charles H. Jackman
Allen G. Jackson
Jared M. Jackson
Kelly S. Jacobsen
Bruce F. James
James S. Jarratt

Timothy O. Jarrett
Layne K. Jensen
Xinyi Jiang
John B. Johnston
Edwin R. Jones
Eric D. Jones
Kevin M. Jones
Michael D. Jones
David W. Jourdan
Roland E. Juhala
Stella Kafka
Ints Kaleps
Michael A. Kalinosky
Andrew Kalnin
Muge Karagoz
Lita R. Katz
Lonny R. Kauder
Aidan Keaveney
Mark R. Keever
Scott A. Keith
William F. Kelly
Marvin D. Kemple
Keith Kenter
Alan G. Kepka
Ronald M. Keyser
Timothy Kidd
Rick Kiechle
Evelyn S. Kinzel
Chad Kishimoto
Carl R. Klee
Sylphrena Kleinsasser
Charles T. Knight
Richard A. Knight
Monte F. Kopke
Shai Koren
Lawrence M. Kost
Mark Kozak
Peter Kozlov
Kenneth S. Krane
Matthew P. Kraus
Nancy Krebs
Jennifer L. Kriedler-
Moss
Angela J. Kubinec
John A. Kuchenbrod
William H. Kuhlman
Craig Kullberg
Martin Kuper

Michael C. Kusheba
David M. Kushner
Joel S. Kvitky
Roger O. Ladle
Daniel R. Ladner
John A. Lafemina
Eongwei Lai
Ralph E. Lambert
Peter C. Landi
Walter J. LaPrice
Paul D. Larson
Gregory P. Latta
Victor F. Lawnicki
Stephen R. Lawry
Ronald F. Legner
Joan Leinbach
Scott R. Leonard
John C. Leonardi
John F. Lescher
Judah Levine
Rex D. Lewis
Robert J. Lieb
Nils G. Lindman
Terrance D. Lingren
C. D. Livengood
Sean B. Logghe
Suzanne Lueder
John W. Luetzelschwab
Gary H. Lunsford
Russell T. Lutton
Marvin R. Maddox
James E. Madl
Lloyd I. Maliner
Robert Manginell
David L. Manka
Jean Mankoff
Richard C. Mannix
Edward R. Mansell
Thomas S. Mansell
Louis G. Markatos
John G. Markley
David S. Martin
Zorayda Martinez
Robert D. Maurer
Frederick J. Mayer
Steven McAlister
Joan McCall
Lowell I. McCann

John L. McDaniels
H. C. McDowell
Edward A. Mebus
Darrell Megli
Anu Mercian
Larry D. Merkle
Richard H. Meservey
Werner A. Metz
Roger A. Metzler
Edmond G. Meyer
David P. Michel
Donald K. Miller
Eugene P. Miller
Raymond E. Modlin
Bernhard P. Molldrem
Bruce M. Monroe
Stephen T. 
Montgomery
Charles D. Moore
Kurt R. Moore
Kenneth P. Moran
Linda M. Morford
Melvin M. Moriwaki
Dane J. Morris
James K. Moss
Mark I. Moverman
Robert W. Moya
William O. Muhl
Michael J. Mumma
Robert E. Naegeli
Stephen V. Natale
Jefferson O. Neff
James B. Nesbitt
Dwight E. 
Neuenschwander
Catherine Newell
Brian E. Newnam
Carolyn Y. Ng
Hithesh Nijaguna 
Murthy
Daniel S. Nimick
Edward R. Niple
Wilfred G. Norris
Elwin C. Nunn
Clyde G. Oakley
Jens Oberheide
James J. O'Brien
Roy J. O'Kelly
Thomas L. O'Kuma
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Randy D. Olsen
Joseph H. Othmer
Steven A. Overmyer
John R. Owens
Clarence E. Oyer
Earl M. Page
Thomas F. Papenbrock
George W. Parker
Gregory J. Parker
William R. Passwaters
Siddhesh Pawar
Nicholas Paxson
Melvin Pearlman
Jack M. Penny
Robert O. Pepin
Neil K. Perl
Michael E. Peterson
Frank S. Pistotnik
Xavier M. Polanski
Jane Polgar
Tyrone Porter
Peter T. Poulos
Martin C. Predoehl
John K. Pribram
Sejal Purandare
Narashimhan Srinivasa 
Raghavan
Roberto C. Ramos
Alice J. Ramsay
Joseph D. Rando
Stephen J. Rant
Richard F. Rapids
Anthony J. Ratkowski
Grayson H. Rayborn
Marc E. Read
John S. Redfield
Ferdinand Reetz
Charles A. Reeves
Chester S. Reft
Julian Reinheimer
Nicholas B. Remmes
Harold G. Repasky
John V. Reynders
James J. Rhyne

Barbara S. Rice
Norman J. Richert
Stephen L. Richter
Charles P. Riedesel
Leo L. Riedinger
Sarah Rinker
Luis M. Rivera
Charles S. Robertson
William H. Robinette
Edward J. Rojek
Thomas L. Rokoske
Eileen M. Romano
Raymond M. Roop
William M. Roquemore
Robert P. Rosenbaum
Carl Rosenfeld
Michael A. Rosich
Mike G. Rosing
Sara H. Rubida
Bernard Rudin
Kenneth S. Rumstay
Carl T. Rutledge
Robert S. Saltzman
Stephen Sanders
Victor J. Sank
Padmanabhan 
Santhanam
Toni D. Sauncy
Pragun Saxena
Thomas C. Sayetta
David Schaich
Douglas W. Scharre
Sharon Schiro
Philipp G. Schmelzle
Katelyn S. Schramke
James E. Schreiber
Howard H. 
Schumacher
Robert O. Schwenker
Jan V. Sengers
Edward R. Seufert
Frederick D. Seward
Shreyas Shahane
Wesley L. Shanholtzer

Alya Sharbaugh
Yitzhak Y. Sharon
Michael J. Shea
Burnette T. Sheffield
Dale G. Shellhorn
Thomas M. Shigemitsu
Michael F. Shlesinger
Larry R. Sill
Larry L. Simmons
Ralph Simmons
Keith J. Sjostrom
Scott A. Slaith
David H. Sliney
Darla J. Smith
David L. Smith
L. Montgomery Smith
Richard J. Smith
Webster F. Smith
Siavash H. Sohrab
Lee R. Sorrell
Hugh L. Southall
Robert G. Spahn
Donald M. Sparks
Cherrill M. Spencer
Paul Splitstone
James K. Sprinkle
Philip A. Stahl
Peter E. Stamer
Robert W. Stanley
Elizabeth M. Stanton
Gary W. Stauffer
Dominick J. Stella
Lance C. Stevenson
James E. Stoebner
Ashley Stokes
David R. Stover
Alan J. Strauss
Thomas F. Strelchun
Kurt F. Studt
Folden B. Stumpf
Adrian Sukal
Joseph M. Sullivan
George Svok
Jean H. Swank

Catherine Swartz
John Swyers
Joseph W. Synk
Joseph J. Szente
Frank R. Tangherlini
Srinivas Tangirala
Danelle M. Tanner
Donald R. Taylor
James H. Taylor
Mark S. Taylor
Patricia L. Taylor
Ronald M. Taylor
Texas Instruments 
Foundation*
Michael G. Thackston
Stephen B. Thomas
Julian M. Tishkoff
Deborah T. Toll
Mark H. Torrence
William F. Tozer
David H. Tracy
John P. Tranchina
John H. Tucker
Halil Tugal
Stanley A. Twardy
Stanley C. Tyler
United Way of Central 
New Mexico
Joseph J. Ursic
Zenaida E. Uy
Cawley Vaccarella
Frederick W. Van 
Haaften
Béla J. Vastag
James Visintainer
John Vitko
Sylvia M. Volkman
Rachel A. Voss
Joseph A. Vrba
James B. Waddell
Joseph S. Wakefield
Rosemary Walikis
Craig T. Walters
William J. Weber
Edna M. Weigel

Berthold W. Weinstein
Charles R. Welch
Jack C. Wells
Thomas G. White
Willard W. White
Heather Whitney
Kimberly M. Wiefling
Joseph F. Wilcox
David C. Williams
Ellen D. Williams
Karen A. Williams
Willie Williams
Darrell W. Woelk
Douglas G. Wolff
Calvin D. Wood
John J. Wood
William H. Wooden
Janice E. Woods
Charles E. Woodward
Bradford L. Wright
David L. Wright
Matthew Wright
Clifford D. Wylie
Dennis C. Wylie
Edward G. Yarr
William M. Yearger
Frank C. Young
Glenn R. Young
Kenneth C. Young
Stephen L. Young
Aleksey Yurchenko
William G. Zagorski
Clyde S. Zaidins
William M. Zeitz
Thomas H. Zepf
Bryan A. Zimmerman
Walter B. Zimmerman
Charlotte A. Zogg
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If we have made any errors in our listing, please accept our sincere apologies. To update your donor listing or for further inquiries, please contact 
Lanetta Gilder at the AIP Foundation at lgilder@aip.org.
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