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resources for schoolteachers. The biggest hits were the 14 one-day LabFests, 
held at parks across the city and suburbs. The Millennium Park event, on 
August 21, was the season finale and attracted about 8000 visitors.

As always, scientists from Fermilab, located 40 miles west of Chicago, were 
there. They set up a tent where kids raced balls down a “gravity accelerator” 
and learned why it’s easier to keep your bike upright when you’re pedaling 
faster. Physicist David Schmitz wowed spectators with a sample of the liquid 
nitrogen that helps to chill Fermilab’s Tevatron accelerator complex. Turns  
out that the ultra-cold fluid can also turn a banana into a rock-solid hammer 
and make a rubber ball shatter like a light bulb.

The display was dazzling, even for the youngest eyes watching the stage. “But 
when you get kids at the perfect age, about the time they’re in middle school, 
it’s really fun,” Schmitz said, “because a number of them are really interested in 
understanding how the physics works.”

He paused as the wacky experimenter named Beakman, star of the TV show 
Beakman’s World, set off a soap-bubble eruption in a miniature volcano. Kids 
whooped and cheered.

 “It’s exciting to watch them suddenly understand,” Schmitz said, “to convince 
them that science relates to everyday life, and that it can be fun.”
Text: Rachel Carr
Photos: Reidar Hahn, Fermilab
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Physicists have been inventing new types of accelerators 
to propel charged particles to higher and higher energies  
for more than 80 years. Today, scientists estimate that more 
than 17,000 accelerators are in operation around the 
world—in industry, in hospitals, and at research institutions. 

Accelerator expert M. Stanley Livingston summarized 

worldwide advances in high-energy accelerators in a book 
published in 1954. A graphic in his book—the latest update 
is displayed on this page—has become a hallmark in the  
field of accelerator physics. Livingston noted that advances 
in accelerator technology increase the energy records 
achieved by new machines by a factor of 10 every six years.

A B

(A) First cyclotron, photo courtesy of Lawrence Berkeley National 
Laboratory; (B) Linac for radiotherapy, photo courtesy of Varian Medical 

Systems, Palo Alto, California; (C) Lightsource at ESRF, photo courtesy  
of: Denis Morel, ESRF; (D) Large Hadron Collider; photo courtesy of CERN
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We adapted the Livingston 
plot from the 2001 Snowmass 
Accelerator R&D report. 
Although we kept the scale 
the same, we unfortunately 
omitted the text from the 
Snowmass report that 
explains the units: “Energy 
of colliders is plotted in 
terms of the laboratory energy 
of particles colliding with  
a proton at rest to reach the 
same center of mass energy.” 
Using these units, the 
energy of collisions at the 
Large Hadron Collider is 
nearly 100,000 TeV.
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Proton synchrotrons
Because protons are about 2000 times heavier than electrons, 
they must be accelerated to higher energies, and hence over 
longer distances, to attain relativistic speeds. The discovery in the 
1950s of strong beam focusing, which controls the size of a 
particle beam through a series of magnets, allowed the construc-
tion of large, circular proton accelerators for nuclear and  
high-energy research, starting at Brookhaven National Laboratory 
and the European laboratory CERN. Hospitals have begun  
to use proton synchrotrons for cancer treatment. 

Storage ring colliders
Particle colliders have led to the discoveries of many subatomic 
building blocks and the forces that govern their behavior. Storage 
ring colliders are based on synchrotron technology. They acceler-
ate two beams of particles in opposite directions and circulate 
them for hours. Every time the beams cross, a few particles collide. 
In the 1960s, scientists built the first electron-positron collider  
at Frascati, Italy, followed by machines in the United States and 
Russia. Today, colliders at KEK, Fermilab, Brookhaven—and, 
soon, CERN (D)—smash electrons, positrons, protons, antiprotons, 
and ions into each other. Scientists now are developing the tech-
nology for a proposed muon collider.

Linear colliders
The Stanford Linear Accelerator Center started operating the 
world’s first linear particle collider in 1989. Today, a worldwide  
collaboration of scientists is advancing plans for the proposed 
International Linear Collider, which would use superconducting 
radio-frequency (RF) cavities to accelerate electrons and 
positrons to much higher energy than achieved at SLAC. A col-
laboration based at CERN is developing a new linac concept, 
the Compact Linear Collider. 

20
10

Linear accelerators
Physicists built the first modern linear accelerators after World 
War II, using microwave technology developed for radar. Today, 
thousands of hospitals use linacs for radiotherapy in cancer 
treatment. (B) Linacs use radio-frequency waves to create elec-
tric fields inside cylindrical cavities. Luis Alvarez built the first 
standing-wave linac to accelerate protons at the University 
of California, Berkeley, in 1946. William Hansen and his team  
at Stanford University constructed the first traveling-wave linac 
to accelerate electrons in 1947. High-energy accelerators often 
rely on a standing-wave linac to give heavy particles an initial 
boost before injecting them into the circular machines that  
accelerate them to high energy.

Electron synchrotrons
The operation of the first electron synchrotron in the United 
States, at General Electric in 1946, led to the discovery of synchro-
tron radiation, the light emitted by charged, high-energy particles 
traveling in a circle. Today, more than 50 synchrotrons, known  
as lightsources, (C) produce intense beams of light for research 
in material science, chemistry, molecular biology, and other 
fields. By injecting particles into a synchrotron at close to the 
speed of light, scientists can operate its alternating electric 
field at an almost constant frequency. An adjustable magnetic 
field guarantees that the particles stay on a fixed circular path, 
so beams can circulate for long periods of time. Cockcroft-Walton electrostatic accelerators

In 1932, John Cockcroft and Ernest Walton became the first 
scientists to split the atomic nucleus with artifically accelerated 
particles when they aimed a proton beam from a new type  
of accelerator at the nuclei of lithium atoms. Physicists still use 
Cockcroft-Walton accelerators to deliver strong, steady 
streams of low-energy protons. The machines can turn alter-
nating currents into electrostatic fields corresponding to more 
than one million volts. 

Van de Graaff electrostatic accelerators
Scientists used this type of accelerator for several decades  
in physics and biomedical research. Commercial companies now 
build modern versions of this machine. Invented at Princeton 
University in the 1930s, the accelerator generates a high voltage 
by charging a large sphere through a moving belt. In the early 
1950s, the Massachusetts Institute of Technology donated its 
Van de Graaff machine to the Museum of Science in Boston, 
where visitors can still see it in action. 

Cyclotrons
More than 350 cyclotrons around the world produce radioactive 
isotopes for medical applications, such as PET scans. Inspired 
by Wideröe’s success, Ernest Lawrence and his student  
M. Stanley Livingston built the first of these circular accelera- 
tors, about four inches in diameter, and operated it in 1931 in 
Berkeley. (A) The cyclotron’s magnetic field forces particles  
to travel in spirals. On each turn, the particles cross an electric 
field, which accelerates them to higher energy.

Betatrons
In 1940, Donald Kerst at the University of Illinois modified the 
design of the cyclotron to accelerate particles to higher energy. 
The betatron’s large magnet provides a variable field and keeps 
particles on a circular orbit inside a beam pipe, a major step  
forward in accelerator technology. In 1957, Dr. O. Arthur Stiennon 
opened in Wisconsin the first private medical center to treat 
cancer patients with a betatron. Because of cost and size limita-
tions, demand for betatrons started to fall in the 1970s.

Synchrocyclotrons
For many years physicists struggled to build accelerators that 
work for both low- and high-speed particles. The problem is 
that slow particles gain energy and speed when traveling through 
an electric field while particles traveling close to the speed  
of light gain energy while barely speeding up at all, a phenom-
enon explained by the theory of special relativity. This creates  
a timing problem in accelerators with electric fields that alternate 
at constant frequency. The synchrocyclotron, invented in the 
1940s but no longer built today, solved the problem by intro-
ducing an electric field with variable frequency, paving the way 
for even better accelerators. 

First accelerator
Most accelerators in operation today, including thousands of 
machines used for treating the surfaces of materials, apply the 
same principle of resonance acceleration that Norwegian  
engineer Rolf Wideröe explored when he built the world’s first 
accelerator in Aachen, Germany in 1928. His linear accelerator, 
or linac, powered by an alternating voltage, propelled potas-
sium ions through an 88-cm-long glass tube, achieving an  
energy gain equivalent to twice the peak voltage he used. This 
proof of principle opened the door to a vast new field of  
research and many types of accelerators.

Text: Kurt Riesselmann
Image: Adapted from the 2001 Snowmass Accelerator 
R&D Report
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accelerator applications  

An electron zap turns
flimsy plastic into 
sturdy shrink wrap 
If you buy a Butterball turkey this Thanksgiving, 
you have particle accelerators to thank for its 
freshness. For decades now the food industry has 
used particle accelerators to produce the sturdy, 
heat-shrinkable film that Butterballs come 
wrapped in.

 “Particle accelerators tie the molecules of plastic 
together and make the film tougher mechani-
cally. It doesn’t crack or tear,” says Marshall 
Cleland, a technical advisor at IBA Industrial, an 
international company that has been manufac-
turing particle accelerators for commercial use 
since 1988.

Understanding how accelerators give cross-
linked shrink film its unique properties requires  
a refresher course in chemistry.

Heat-shrinkable film—commonly known as 
shrink wrap—is made of polyethylene plastic. The 
plastic molecules, called polymers, are long 
chains of carbon atoms strung together like pearls. 
Each carbon atom also connects with two 
hydrogen atoms, leaving it no room to bond with 
anything else.

 “The fully saturated carbon had its full meal, 
including dessert, and becomes chemically 
inert,” Cleland says. “If you heat it to the boiling 
point of water, it will turn into a syrupy mess.” 

However, when hit with a beam of electrons 

from a particle accelerator, the plastic’s polymer 
strings become chemically active.

The electron beam knocks hydrogen atoms off 
the polymer chains, leaving the polymers hungry  
to fill those vacancies. If conditions are right, the 
carbon atoms in one chain bond with carbons  
in neighboring chains—and those carbon-carbon 
bonds are incredibly strong.

 “The whole thing starts to knit together. Instead 
of being loose threads, it is sort of like a fishnet 
where everything is tied together,” Cleland says. “It 
is what we call a cross-linking reaction.”

When fully cross-linked, the plastic “becomes 
elastic if you heat it to boiling temperature, but  
it won’t melt,” Cleland says. After electron-beam 
treatment, the plastic is stronger and more heat-
resistant. It can be heated and stretched into  
a thin film without ripping. When cooled to room 
temperature, the cross-linked plastic retains its 
expanded shape. Place something inside it, 
such as a Butterball turkey, and apply heat, and 
the plastic shrinks back down to its original size, 
resulting in an air-tight wrapping.

The food industry purchases these cross-linked 
products from plastic manufacturers in large rolls 
or bags, depending on how the film will be used. 
You will find cross-linked shrink film wrapped 
around many items in the grocery store, such as 
turkeys, produce, and baked goods, as well as 
around board games, video games, DVDs, and 
CDs. “It’s a big business,” Cleland says.
Elizabeth Clements



Im
ag

e 
co

ur
te

sy
 o

f L
aw

re
nc

e 
B

er
ke

le
y 

N
at

io
na

l L
ab

or
at

or
y

logbook: antiproton discovery

When the Bevatron switched on at Lawrence Berkeley National Laboratory 
in the fall of 1954, it was the largest particle accelerator 

ever built, capable of producing energies upwards of six billion electronvolts.
The Bevatron’s energy range wasn’t chosen arbitrarily, but was specifically picked to provide the 

right conditions for creating antiprotons, then-theoretical particles as massive as protons but with 
negative electric charge.

When the Bevatron’s first antimatter experiments started that summer, there was a mood of  
anticipation: Anxious experimenters jockeyed for time on the machine, principal investigators exchanged 
bets on whether or not antiprotons would be produced, and others just looked on hopefully.

One Bevatron research team made it to the front of the fray. Led by Emilio Segrè, the group’s work 
was divided between two experiments. Researchers Owen Chamberlain and Clyde Wiegand would 
try to identify antiprotons by determining the masses and charges of particles produced by slamming 
protons into a fixed target. A second group, led by Gerson Goldhaber at Berkeley and Edoardo 
Amaldi in Italy, would record the collisions on photographic emulsions and look for the star-shaped 
energy bursts expected from proton–antiproton annihilation.

Anticipating Twitter by five decades, Wiegand placed a blackboard near the Bevatron’s entrance 
and posted daily updates on the group’s progress. 

This snapshot shows that as of October 6, 1955 at 4:30 p.m., the group had detected 38 negatively 
charged particles with the same mass as protons. The ratio at the bottom of the board shows what  
the researchers were up against: these 38 sought-after antiproton signals had been sifted from a pool 
of nearly two million particle events. 

Wiegand, an avid baseball fan, also took the opportunity to publicize the standings of the  
 ‘55 World Series between the New York Yankees and the Brooklyn Dodgers. The score in the upper-
right-hand corner may reflect his loyalties: Bums 4, Yanks 3. 

The researchers spent two weeks making sure their findings were sound and defensible. Then, 
at an October 19 press conference, they announced that they had found the antiproton. The discovery 
earned Nobel Prizes for Chamberlain and Segrè in 1959. 

The Bevatron kept producing physics for nearly 40 years, until the beam shut off in 1993. Demolition 
of the structure began in July and will take until 2011 to complete.
Nicholas Bock
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The Intensity Frontier is one of 
three 

broad approaches to particle physics research, each charac-
terized by the tools it employs.

At the Energy Frontier, for instance, we use high-energy 
colliders, such as the Tevatron and the Large Hadron Collider, 
to search for new particles and forces that provide infor-
mation on the makeup of matter and space. At the Cosmic 
Frontier, we scan the heavens with particle detectors and 
telescopes to learn more about cosmic rays, dark matter, and 
dark energy, and to understand the role they have played  
in the evolution of the universe.

The strategy of research at the Intensity Frontier is to gen-
erate the huge numbers of particles needed to study rare 
subatomic processes, such as the transformation of one type 
of neutrino into another or the not-yet-observed conversion 
of a muon into an electron. This requires extreme machines, 
multi-megawatt proton accelerators that produce high-inten-
sity beams of particles.

To advance this frontier, particle physicists have proposed 
Project X, a high-intensity proton accelerator at Fermilab 
that would enable a new generation of experiments with 
neutrinos, muons, and kaons. These experiments ultimately 
could help explain the origin of the matter–antimatter 
asymmetry in our universe and point us to a more complete 
theory of particles and their forces. 
Mel Shochet, University of Chicago
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