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W hat are the origins of mass? Can 
the basic forces of nature be uni-

fied? How did the universe begin? How 
will it evolve? These are some of the big 
questions that inspire the imagination 
of humankind. 

The equipment that physicists use to 
probe these questions is big as well—to 
say the least. The Large Hadron Collider 
(LHC) is a 27-km ring-shaped particle 
accelerator that is buried deep under-
ground in Geneva, Switzerland. After 
years of preparation, the LHC finally 
went on line this fall (although experi-
ments are currently stalled due to the 
failure of two semiconductor magnets). 
In two scientific collaborations—
ATLAS and CMS (the Compact Muon 
Solenoid)—researchers will be looking to 
discover a whole new world of phenom-
ena in the head-on collisions of protons 
with extraordinarily high energy.  

These experiments will help physicists 
to learn about the basic forces that have 
shaped our universe since the beginning 
of time, and, hopefully, they will shed 
insight into its fate. These are not simple 
enterprises, however: The experiments 
require sophisticated particle detec-
tor technology and the conversion of 
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An educational program called 
QuarkNet places high school 
students and teachers at the 
frontier of particle physics.

and students in research projects at the 
forefront of particle physics. The pro-
gram was first proposed in 1998 by Mar-
jorie Bardeen (Fermilab), R. Michael 
Barnett (Lawrence Berkeley National 
Laboratory), O. Keith Baker (Yale) and 
Randy Ruchti (Notre Dame). It has been 
funded jointly by the National Science 
Foundation and the Department of 
Energy for 10 years. 

In QuarkNet, high school teachers 
are partnered one-on-one with a physi-
cist mentor. In a parallel program, high 
school students engage in eight-week 
summer research projects, in which they 
are mentored by teachers and faculty. 
Today, roughly 500 teachers and 100 high 
school students participate in QuarkNet 
every year; they partner with 150 particle 
physicist mentors who are affiliated with 
52 centers in 25 states and Puerto Rico.

Scintillators, waveshifters and 
photosensors are “bread and butter” 
detectors in particle and nuclear physics. 
The QuarkNet Center at Notre Dame 
hosts teachers and students who work 
alongside particle physicists to help build 
and commission photonic detectors for 
several major experiments, including 
the upgraded DØ detector at Fermilab 
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energy from invisible and hard-to-detect 
particles into electronic signals or visible 
light energy for detection. Moreover, 
with each successive generation of par-
ticle detectors, new design challenges 
have emerged, including the need for 
a faster response, higher efficiency and 
better radiation robustness. 

So how can these complicated endeav-
ors engage the minds and passions of 
non-scientists? In other words, can big 
science, photonic technology and out-
reach come together?

Enter QuarkNet, an educational out-
reach program in high-energy physics. 
QuarkNet immerses high school teachers 

These are not simply 
education outreach 
exercises; they are 
real research activities 
focused on unique 
detector design and the 
conversion of particle 
energies into visible light.

A research team 
testing a scintil-
lation tile (blue) 
and a waveshifter 
fiber (green) for 
studies with  
a radiation 
source.
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and the CMS detector at the LHC. The 
QuarkNet Center at Notre Dame has 
been engaged in research to enable the 
next phase of the CMS detector and 
future detectors at a possible linear col-
lider or other scientific facility.  

To prepare for such opportunities, the 
Notre Dame QuarkNet team is focusing 
on developing new photonic technology 
and materials that detect the presence of 
ionizing radiation. These are not simply 
education outreach exercises; they are 
real research 
activities focused 
on unique detec-
tor design and 
the conversion of 
particle energies 
into visible light.

The sampling 
calorimeter is a 
detector configu-
ration used in the 
CMS experi-
ments. A high-
energy particle 
whose energy is 
to be measured 
penetrates through 
alternating lay-
ers of absorber 
and active material. The particle inter-
acts with the nuclei and electrons of 
the atoms of the absorber material to 
produce a “shower” of lower energy 
particles. These, in turn, pass through 
active fluorescent plastic material excit-
ing organic dye molecules in those layers. 
As the dye molecules de-excite, light 
is emitted. The amount of visible light 
produced is proportional to the energy 
of the incident particle. The Notre Dame 
QuarkNet Center is focusing on the 
active material layers for the calorim-
eter and new solid-state photosensors to 
detect this light.

One clever technique for light col-
lection uses waveshifting fibers that are 
embedded in the plastic tiles of active 
material. The fibers contain an organic 
dye that absorbs the light produced in 
the tile and fluoresces at a longer wave-
length. They are routed to the face of 
a photosensor, which detects the light 

and produces an electronic signal for 
further processing.

The first step to this technique is to 
produce scintillation light in an organic 
medium and detect it. The medium 
could be a solid, liquid, or paint-on 
material that hardens over time. Next, a 
fast and efficient waveshifter is utilized 
to rapidly exchange luminous energy 
from an active layer and emit light at a 
longer, more suitable wavelength for light 
transmission and detection. 

The final step is 
to detect the light 
and covert it into 
an electronic signal 
with a compact 
solid state photosen-
sor. A new breed of 
solid-state photo-
multiplier device is 
now available that is 
well matched to the 
dimensions of opti-
cal fibers. Students 
in the Notre Dame 
QuarkNet team 
participated in every 
step of this process.

After the bench 
tests, beam tests are 

expected to follow. Thanks to QuarkNet, 
students and teachers can be directly 
engaged in such essential studies and 
developments, working side-by-side with 
physicists to advance photonic detector 
technologies. The QuarkNet program 
provides students and teachers with more 
than an educational opportunity; it allows 
them to be scientists working on the most 
sophisticated and important experiments 
taking place in the world today. t

Randy Ruchti is a co-founder of QuarkNet 
and a professor of physics and associate vice 
president for research at the University of Notre 
Dame. Mitchell Wayne (mwayne@nd.edu) is a 
professor of physics and department chair at the 
University of Notre Dame; he is a co-principal 
investigator of QuarkNet.
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>> CERN—The European Organization for 
Nuclear Research: http://public.web.
cern.ch/Public/en/LHC/LHC-en.html.

>> QuarkNet: http://quarknet.fnal.gov/.

New compact silicon photomultiplier (right) 
and a conventional photomultiplier tube for 
size comparison.
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