
 

Size of helium nucleus measured more
precisely than ever before

January 27 2021

  
 

1/7



 

  

2/7



 

Both Franz Kottmann (left) and Karsten Schuhmann did essential preparatory
work for the crucial experiment. Credit: Paul Scherrer Institute/Markus Fischer

In experiments at the Paul Scherrer Institute PSI, an international
research collaboration has measured the radius of the atomic nucleus of
helium five times more precisely than ever before. With the aid of the
new value, fundamental physical theories can be tested and natural
constants can be determined even more precisely. For their
measurements, the researchers needed muons—these particles are
similar to electrons but are around 200 times heavier. PSI is the only
research site in the world where enough so-called low-energy muons are
produced for such experiments. The researchers are publishing their
results today in the journal Nature.

After hydrogen, helium is the second most abundant element in the
universe. Around one-fourth of the atomic nuclei that formed in the first
few minutes after the Big Bang were helium nuclei. These consist of
four building blocks: two protons and two neutrons. For fundamental
physics, it is crucial to know the properties of the helium nucleus, among
other things to understand the processes in other atomic nuclei that are
heavier than helium. "The helium nucleus is a very fundamental nucleus,
which could be described as magical," says Aldo Antognini, a physicist
at PSI and ETH Zurich. His colleague and co-author Randolf Pohl from
Johannes Gutenberg University Mainz in Germany adds: "Our previous
knowledge about the helium nucleus comes from experiments with
electrons. At PSI, however, we have for the first time developed a new
type of measurement method that allows much better accuracy."

With this, the international research collaboration succeeded in
determining the size of the helium nucleus around five times more
precisely than was possible in previous measurements. The group is
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publishing its results today in the renowned scientific journal Nature.
According to their findings, the so-called mean charge radius of the
helium nucleus is 1.67824 femtometers.

"The idea behind our experiments is simple," explains Antognini.
Normally two negatively charged electrons orbit the positively charged
helium nucleus. "We don't work with normal atoms, but with exotic
atoms in which both electrons have been replaced by a single muon,"
says the physicist. The muon is considered to be the electron's heavier
brother; it resembles it, but it's around 200 times heavier. A muon is
much more strongly bound to the atomic nucleus than an electron and
encircles it in much narrower orbits. Compared to electrons, a muon is
much more likely to stay in the nucleus itself. "So with muonic helium,
we can draw conclusions about the structure of the atomic nucleus and
measure its properties," Antognini explains.

Slow muons, complicated laser system

The muons are produced at PSI using a particle accelerator. The
specialty of the facility: generating muons with low energy. These
particles are slow and can be stopped in the apparatus for experiments.
This is the only way researchers can form the exotic atoms in which a
muon throws an electron out of its orbit and replaces it. Fast muons, in
contrast, would fly right through the apparatus. The PSI system delivers
more low-energy muons than all other comparable systems worldwide.
"That is why the experiment with muonic helium can only be carried out
here," says Franz Kottmann, who for 40 years has been pressing ahead
with the necessary preliminary studies and technical developments for
this experiment.

The muons hit a small chamber filled with helium gas. If the conditions
are right, muonic helium is created, where the muon is in an energy state
in which it often stays in the atomic nucleus. "Now the second important
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component for the experiment comes into play: the laser system," Pohl
explains. The complicated system shoots a laser pulse at the helium gas.
If the laser light has the right frequency, it excites the muon and
advances it to a higher energy state, in which its path is practically
always outside the nucleus. When it falls from this to the ground state, it
emits X-rays. Detectors register these X-ray signals.

In the experiment, the laser frequency is varied until a large number of X-
ray signals arrive. Physicists then speak of the so-called resonance
frequency. With its help, then, the difference between the two energetic
states of the muon in the atom can be determined. According to theory,
the measured energy difference depends on how large the atomic
nucleus is. Hence, using the theoretical equation, the radius can be
determined from the measured resonance. This data analysis was carried
out in Randolf Pohl's group in Mainz.

Proton radius mystery is fading away

The researchers at PSI had already measured the radius of the proton in
the same way in 2010. At that time, their value did not match that
obtained by other measurement methods. There was talk of a proton
radius puzzle, and some speculated that a new physics might lie behind it
in the form of a previously unknown interaction between the muon and
the proton. This time there is no contradiction between the new, more
precise value and the measurements with other methods. "This makes
the explanation of the results with physics beyond the standard model
more improbable," says Kottmann. In addition, in recent years the value
of the proton radius determined by means of other methods has been
approaching the precise number from PSI. "The proton radius puzzle
still exists, but it is slowly fading away," says Kottmann.

"Our measurement can be used in different ways," says Julian Krauth,
first author of the study: "The radius of the helium nucleus is an
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important touchstone for nuclear physics." Atomic nuclei are held
together by the so-called strong interaction, one of the four fundamental
forces in physics. With the theory of strong interaction, known as
quantum chromodynamics, physicists would like to be able to predict the
radius of the helium nucleus and other light atomic nuclei with a few
protons and neutrons. The extremely precisely measured value for the
radius of the helium nucleus puts these predictions to the test. This also
makes it possible to test new theoretical models of the nuclear structure
and to understand atomic nuclei even better.

The measurements on muonic helium can also be compared with
experiments using normal helium atoms and ions. In experiments on
these, too, energy transitions can be triggered and measured with laser
systems—here, though, with electrons instead of muons. Measurements
on electronic helium are under way right now. By comparing the results
of the two measurements, it is possible to draw conclusions about
fundamental natural constants such as the Rydberg constant, which plays
an important role in quantum mechanics.

A collaboration with a long tradition

While the measurement of the proton radius was successful only after
protracted experiments, the helium nucleus experiment worked right
away. "We were lucky that everything went smoothly," says Antognini,
"because with our laser system we are at the limit of the technology, and
something could easily break down."

"It will be even more difficult with our new project," adds Karsten
Schuhmann from ETH Zurich. "Here we are now addressing the
magnetic radius of the proton. And for this, the laser pulses have to be
10 times more energetic."

  More information: Measuring the α-particle charge radius with

6/7

https://phys.org/tags/nucleus/


 

muonic helium-4 ions, Nature (2021). DOI:
10.1038/s41586-021-03183-1 , 
www.nature.com/articles/s41586-021-03183-1
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