REAL Science: Connecting Protons to Prefixes to the World's
Largest Search Engine

Start: A new proton radius has been measured

According to researchers, the radius of a proton is 0.831 fm, which is smaller than the previous measurement of 0.88 fm.

Connection 1: What is a fm (femtometer)?

| ask students if they know what fm stands for. Many do not. | say it's a unit of measurement for length - like kilometer and
millimetre. All measurements have a base unit: meter is the base unit for length, seconds for time, and grams for mass.

Connection 2: What are prefixes and what do they mean?

Prefixes represent factors of 10 for a base unit. For example, | ask students how many meters are in a kilometer. Most say
1000. When | ask why, most students have no response. Then | show them a table of prefixes and say point out that kilo
always stands for 1073 (ie. 1000). Thus a kilometer is 1000 metres connected end to end. The prefix mega (m) stands for
1076. Thus, a megameter is 1076 or 1000000 meters connected end to end.On the flip side, milli means 10”-3 (ie. One-
thousandth). Therefore, if | take a meter stick and cut it into one thousand equal parts, then what | have left is a millimeter.
Similarly, nano means 10”-9 (one billionth). Thus, if we take one meter and cut onto one billion equal parts, then one of
those cuts will equal a nanometer.And what about a femtometer? Femto stands for 107-15. Thus, if we take a meter stick
and cut it into a million parts and then take one of those parts and cut it into a billion parts, then we would have a
femtometer.

Connection 3: What else are prefixes used for?

What's interesting about prefixes is that they’re often used to name products or businesses. For example, when Apple
came out with the iPod, they also created a smaller version called the iPod Nano (ie. Nano represents 107-9, which means
a nanometer is one-billionth the size of a meter or a meter that has been cut into one billion equal parts).We can find
another example in the beer brewing business. Large corporations like Anheiser-Busch InBev (who own Budweiser and
Stella Artois and brew 355 million barrels of beer annually) are classified as breweries. However, smaller companies that
brew less than 15,000 barrels of beer annually are called microbreweries (ie. Micro is a prefix meaning 10"-6). Even
smaller breweries, brewing less than 2000 barrels of beer annually, are classified as nanobreweries.

Connection 4: Prefixes named one of the world’s largest companies?

A Googol is equal to 10*100. In other words, a Googol is a 1 with one hundred zeros following it. When Larry Page and
Sergio Bryn were looking to change the name of their search engine (at the time named Backrub), they used the idea of a
Googol and created the name “Google”.

The Googol is more of an abstract idea than it is an actual value. There is nothing in the universe that is equal to a Googol.
The Googol is typically used to compare large values or give large quantities some context. For example, according to
Wikipedia, if the observable universe were filled with grains of sand, it would still only equal 10"95. And, if we compare the
mass of the universe to the mass of an electron, the universe would still be 10790 times bigger.
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Article: New measurement yields smaller proton radius

Physicists get closer to solving the proton radius puzzle with unique new measurement of the charge radius of the proton.

Using the first new method in half a century for measuring the size of the proton via electron scattering, the PRad
collaboration has produced a new value for the proton's radius in an experiment conducted at the Department of Energy's
Thomas Jefferson National Accelerator Facility.

The result, recently published in the journal Nature, is one of the most precise measured from electron-scattering
experiments. The new value for the proton radius that was obtained is 0.831 fm, which is smaller than the previous
electron-scattering value of 0.88 fm and is in agreement with recent muonic atomic spectroscopy results.

"We are happy that years of hard work of our collaboration is coming to an end with a good result that will help critically
toward solution of the so-called proton radius puzzle," says Ashot Gasparian, a professor at North Carolina AT State
University and the experiment's spokesperson.

All visible matter in the universe is built on a cloud of three quarks bound together with strong force energy. The
ubiguitous proton, which sits at the heart of every atom, has been the subject of numerous studies and experiments
aimed at revealing its secrets. Yet, an unexpected result from an experiment to measure the size of this cloud, in terms of
its root-mean-square charge radius, has united atomic and nuclear physicists in a flurry of activity to re-examine this basic
quantity of the proton.

Prior to 2010, the most precise measurements of the proton's radius came from two different experimental methods. In
electron-scattering experiments, electrons are shot at the protons, and the proton's charge radius is determined by the
change in path of the electrons after they bounce off, or scatter from, the proton. In atomic spectroscopy measurements,
the transitions between energy levels by electrons are observed (in the form of photons that are given off by the electrons)
as they orbit a small nucleus. Nuclei that have typically been observed include hydrogen (with one proton) or deuterium
(with a proton and a neutron). These two different methods yielded a radius of about 0.88 femtometers.

In 2010, atomic physicists announced results from a new method. They measured the transition between energy levels of
electrons in orbit around lab-made hydrogen atoms that replaced an orbiting electron with a muon, which orbits much
closer to the proton and is more sensitive to the proton's charge radius. This result yielded a value that was 4% smaller
than before, at about 0.84 femtometers.

In 2012, a collaboration of scientists led by Gasparian came together at Jefferson Lab to revamp electron-scattering
methods in hopes of producing a novel and more precise measurement of the proton's charge radius. The PRad
experiment was given priority scheduling as one of the first experiments to take data and complete its run following an
upgrade of the Continuous Electron Beam Accelerator Facility, a DOE User Facility for nuclear physics research. The
experiment took electron-scattering data in Jefferson Lab's Experimental Hall B in 2016.

"When we started this experiment, people were searching for answers. But to make another electron-proton scattering
experiment, many skeptics didn't believe that we could do anything new," says Gasparian. "If you want to come up with
something new, you have to come up with some new tools, some new method. And we did that -- we did an experiment
which is completely different from other electron-scattering experiments."

The collaboration instituted three new techniques to improve the precision of the new measurement. The first was

implementation of a new type of windowless target system, which was funded by a National Science Foundation Major
Research Instrumentation grant and was largely developed, fabricated and operated by Jefferson Lab's Target group.
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The windowless target flowed refrigerated hydrogen gas directly into the stream of CEBAF's 1.1 and 2.2 GeV accelerated
electrons and allowed scattered electrons to move nearly unimpeded into the detectors."When we say windowless, we
are saying that the tube is open to the vacuum of the accelerator. Which seems like a window -- but in electron-
scattering, a window is a metal cover on the end of the tube, and those have been removed," says Dipangkar Dutta, an
experiment co-spokesperson and a professor at Mississippi State University.

"So this is the first time that people actually put a gas-flow target onto the beamline at Jefferson Lab," says Haiyan Gao,
an experiment co-spokesperson and Henry Newson professor at Duke University. "The vacuum was good, so that we
could have electron beam going through our target to do the experiment, and we actually have a hole in the entrance
foil and another in the exit foil. Essentially, the beam just passed through directly to the hydrogen gas, not seeing any
window."

The next major difference was the use of a calorimeter rather than the traditionally used magnetic spectrometer to
detect scattered electrons resulting from the incoming electrons striking the hydrogen's protons or electrons. The
repurposed hybrid calorimeter HyCal measured the energies and positions of the scattered electrons, while a newly built
gas electron multiplier, the GEM detector, also detected the electrons' positions with even higher accuracy.

The data from both detectors was then compared in real time, which allowed the nuclear physicists to classify each event
as an electron-electron scattering or an electron-proton scattering. This new method of classifying the events allowed
the nuclear physicists to normalize their electron-proton scattering data to electron-electron scattering data, greatly
reducing experimental uncertainties and increasing precision.

The last major improvement was placement of these detectors extremely close in angular distance from where the
electron beam struck the hydrogen target. The collaboration was able to get that distance down to less than one degree.

"In electron scattering, in order to extract the radius, we have to go to as small a scattering angle as possible," says Dutta.
"To get the proton radius, you need to extrapolate to zero angle, which you cannot access in an experiment. So, the
closer to zero you can get, the better."

"The region that we explored is at such a forward angle and at such small four-momentum transfer squared that it has
never been reached before in electron-proton scattering," adds Mahbub Khandaker, an experiment co-spokesperson
and a professor at I[daho State University.

The collaborators say the result is unique, because it used a new technique via electron-scattering to determine the
proton charge radius. Now, they are looking forward to comparing the result to new spectroscopic determinations of the
proton radius and upcoming electron- and muon-scattering measurements that are being conducted worldwide.

Further, this result also sheds new light on conjecture of a new force of nature that was proposed when the proton
radius puzzle first surfaced.

"When the initial proton radius puzzle came out in 2010, there was hope in the community that maybe we have found a
fifth force of nature, that this force acts differently between electrons and muons," says Dutta. "But the PRad experiment
seems to shut the door on that possibility."

They say the next step is to consider conducting further investigations using this new experimental method to achieve
even higher precision measurements on this and related topics, such as the radius of the deuteron, the nucleus of
deuterium.

"There is a very good chance we can improve our measurements by a factor of two or maybe even more," Gao says.
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